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ABSTRACT 
Many studies with two-phase flows assume similar hydrodynamic characteristics for 
air/water and steam/water mixtures, usually because of the simplicity of air/water 
systems compared to the experimental difficulties associated with steam/water mixtures. 
However it is questionable whether this is an equivalent substitution. Recent work at 
Surrey University (Unis) has shown that mechanical agitation of boiling water requires 
dramatically more power than for air/water mixtures. Similar discrepancies have also 
been reported in studies of pressure drop, transport phenomena in flow boiling and 
interactions between air/steam and water flows in turbulent two-phase flow by several 
other investigators. Such distinctive behaviour has been regarded as resulting from 
phase changes the different physical properties of the two systems or different 
hydrodynamic characteristics when flow passes an obstruction. Despite these 
differences, no fundamental work on this subject appears to have been reported. 
The aim of the present study is to put this controversy into perspective and also to 
provide effective guidance for design. Accordingly, this work involves both 
experimental and theoretical approaches. This begins with a literature survey which 
highlights the effective parameters which may be involved. An experimental test rig has 
also been constructed for both upward vertical and horizontal flows. A comprehensive 
set of experiments has been done with steam/water and air/water flows at ambient and 
elevated temperatures. The experiments at elevated temperature are carried out to 
discern how two-phase mixtures behave in the intermediate range from ambient 
temperature to boiling point. The results highlight a significant effect of temperature on 
the void fraction with respect to inlet gas flow rate, especially at higher liquid flow rates. 
The effect of temperature is more dominant nearer to boiling point, particularly when 
two-phase flow passes through a venturi. A modified volumetric flow ratio is proposed 
which includes the influence of vapour pressure and hydrostatic pressure on the void 
fraction at higher temperatures. The steam/water experimental data are also presented 
with a phenomenological comparison with the air/water results. 
A new one-dimensional theoretical model is presented along with the numerical results 
from CFD, aiming to predict void fraction and pressure gradient along the pipe in a 
i 
vertical tube. The model is explicit and simple in form but is realistic, with reasonable 
accuracy compared with the experimental results. It also establishes the point in the 
tube at which the boiling starts. The characteristics of the model compared with those 
of air/water are found to be substantially different, particularly nearer to the bottom of 
the tube. 
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CHAPTER 1 
INTRODUCTION 
Chapter I 
INTRODUCTION 
I 
1.1 The Importance of Two-Phase Systems in General 
Two-phase flow involving a mixture of gas or vapour and liquid or gas/liquid and solid 
is very common in industrial operations. It can be said that two-phase flows make up 
about one-half of all industrial, biological and environmental flow conditions (Wallis, 
1996). The application of two-phase flow began in the 17th century, before the 
industrial revolution, when an air-lift system was used to compress the air for iron and 
brass smelting processes. Today, applications of two-phase flow are found in many 
areas of science. Intensive study of two-phase flows was initiated for nuclear 
engineering and oil and gas transportation and has later been extended to mass and heat 
transfer in separation processes and reactions in mixing tanks. From the hydrodynamic 
point of view, accurate prediction of two-phase flow behaviour is indispensable for the 
design of heat exchangers and the safety devices required for hazardous systems. The 
widespread application of two-phase flow has led to intensive studies in this field. 
Gouse (1966) showed that the number of publications in this field has approximately 
doubled every five years. 
In spite of the importance of two-phase flows in industrial processes, performance 
predictions in this field are often reported to be in error by 40% (Chisholm, 1983 and 
Whalley, 1996). In a keynote address, Hewitt (1996) suggested that despite the 
achievements in the past decades, still lots need to be done in characterising two-phase 
flows. The difficulties associated with investigations in this field can be attributed to 
two main factors. The first point is that two phase flows are very complicated in their 
own right and the presence of the two deformable phases can impede an accurate 
measurement or prediction of relevant parameters. Accordingly, it can be said that the 
major errors in the calculation of two-phase flow are systematic. The following reasons 
lie behind this: 
1) there are many variables in two-phase gas/liquid systems, including: 
I -i) physical properties of both phases; 
I -ii) independent operational variables, i. e. phase flow rates, temperature and pressure: 
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I -11i) the orientation and inclination of the pipe, wall roughness and the nature of the 
phase distribution; 
2) the deformable nature of the interfacial area between the phases prevents the 
accurate prediction of transport phenomena between the phases; 
3) In many cases, the relationship between these variables is poorly understood. 
The second source of error in describing two-phase flow might be caused by ignoring 
the differences between vapour/liquid and gas/liquid mixtures. Many designs for 
vapour and liquid flows are based on data from gas/liquid systems at ambient 
temperature. This may be a reflection of the intensive study of air/water in past years. It 
may be useful to consider some examples in which the gas/liquid analogy has been used 
in simulating vapour/liquid systems. 
Hashizume and Ogiwara (1987) compared results in a huge data bank, including 
air/water and steam/water data, with a specific prasuir drecorrelation based on air/water 
flow. It was shown that there is generally good agreement between the experimental 
data and the predicted values for horizontal pipes. A similar comparison has been made 
in correlating steam/water void fraction by using air/water correlations (Chisholm, 
1983). Hewitt and Roberts (1969) also emphasised that the flow pattern map fits 
reasonably well for both steam/water and air/water systems over a limited range of 
parameters, in particular for small tubes. Furthermore, Reimann and John (1978) 
showed that in recognising flow pattern in two-phase flows, the void fraction profiles 
for horizontal air/water and steam/water flows agree fairly well at similar values of the 
superficial velocities. 
In steam generation and nuclear plants, as pointed out by Awwad et al. (1995), the 
majority of investigations have been performed using air/water. Moreover, the 
application of air/water based correlations has been extended to many areas of boiling, 
including pool and flow boiling. Air/water has frequently been used in such work 
because of its simplicity, despite the important differences in the interaction between 
bubbles and liquid which often involve heat and mass transfer. It has sometimes been 
stated that in the absence of phase change similar physical laws can be applied to 
gas/liquid and vapour/liquid systems (Chisholm, 1983). 
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The following conclusions can be drawn from the above: 
1) in many investigations, the differences between air/water and steam/water have not 
been taken into consideration, implying a belief that the two systems would have 
similar dynamic and fluid mechanical behaviour; 
2) it is important to note also that air/water has sometimes been used because of the 
inherent difficulties of using vapour/liquid in a hazardous system, e. g. in flow 
boiling when there may be problems with undamped vibration phenomena. 
Despite the similarities assumed by many investigators, some work clearly shows 
differences between steam/water and air/water which cannot be ignored. These 
differences arise principally from: 
1) the different physical properties of the two systems; 
2) phase changes; 
3) differences in the response of the respective two-phase flows when passing a 
constriction. 
It can be concluded that a better understanding of the behaviour of the two distinctly 
different systems is essential for process design. A literature survey concentrating on 
this aspect will be presented in more detail in the next chapter. 
1.2 Statement of the Problem 
This study is intended to investigate under which circumstances the similarities between 
the two systems can or cannot be assumed. Any differences between air/water and 
steam/water flows are most likely to be evident in bubbly flow. Bubbly flow has the 
advantage of simplicity over other flow patterns since it is possible to characterise e. g. 
the bubble size,, in ways that make it attractive. The choice of bubbly flow for 
investigation is made despite the accepted importance of the other flow regimes like 
churn and annular flow. 
1.2.1 Bubble Dynamics in Gas/Liquid and Vapour/Liquid Systems 
It seems from the above that a useful first step in dealing with the differences between 
gas/liquid and vapour/liquid flows would be to determine and describe bubble behaviour 
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in the two systems. Therefore, it is instructive to consider some distinct features of each 
system: 
1) air bubbles, in contrast to those of steam, are essentially insoluble in the water 
phase, particularly at the ambient temperatures and pressures used in most 
experiments; 
2) the resistance to mass and heat transfer between the bubbles and the liquid will be 
greater with gas than with vapour; 
3) the dynamic response of vapour bubble to any change in temperature or pressure is 
different from that of air bubbles (stated by Smith and Millington, 1995); 
4) the steam bubbles will be more affected than air bubbles by any obstruction to flow 
in the pipe. 
These differences between gas/liquid and vapour/liquid systems should guide both the 
design of experiments and the development of theoretical models. 
1.2.2 Aims and Objectives 
The purpose of the current study is to put the differences between air/water and 
steam/water systems into perspective with experimental and theoretical studies. 
The experimental work has validated a numerical simulation that provides a basis for 
design. Accordingly, the following were the objectives of the experimental study: 
1) to establish values for the characteristic steady state void fractions of air/water and 
steam/water mixtures at corresponding phase flow rates in vertical and horizontal 
cocurrent flows; 
2) to determine differences in the pressure field for developing flow conditions as 
steam/water or air/water mixtures of similar void fraction flow through a 
constriction; 
3) to observe the differences in the bubble spatial shape in air/water and steam/water 
flows along the pipe; 
4) to establish the effects of flow obstructions on the flow structure of the two systems. 
The complementary theoretical and analytical programme has had the following aims: 
Chapter I 
1) to correlate the information in the available experimental data, where possible, to 
characterise the effect of system parameters; 
2) to develop theoretical models in order to provide a quick comparison between the 
two systems; 
3) To develop models that highlight the differences between the dynamics of relatively 
insoluble gas bubbles and those in which condensation or vaporisation will lead to 
bubble collapse and growth. 
1.3 Scope of Present Work 
This thesis uses the following structure to cover these points: 
Chapter 2 presents a literature survey of the present research topic. This includes some 
general definitions, published work on the differences between air/water and 
steam/water and finally a survey of the parameters which are expected to be relevant to 
the project's aims. It will begin with a description of the now pattern concept in two- 
phase flow. The second part of chapter 2 concentrates on the differences between 
air/water and steam/water. This part of the literature survey establishes the possible 
parameters which may have an influence on this behaviour. The final part of chapter 2 is 
devoted to the description of parameters covered in the experimental work. 
The experimental facility is described in chapter 3 including a discussion of the test rig 
and the gamma densitometer, together with an assessment of the error associated with 
the experimental results. Relevant experimental results and their parametric trends are 
shown and discussed in chapter 4. The first part of this chapter covers the variation of 
the void fraction with different operational parameters in the vertical direction. It 
follows a discussion of the effect of temperature on the void fraction emphasising on the 
temperatures near the boiling point. The influence of constrictions, such as a venturi, 
will also be demonstrated to see how the flow behaves as it passes the venturi. 
The steam/water experimental data will finally be discussed by a phenomenological 
comparison with the air/water results. 
Chapters 5 and 6 deal with the theoretical and numerical study. Simple theoretical 
models based on the scale simplification of the continuity equation and the first law of 
thermodynamics are derived in chapter 5. The theoretical results are then compared with 
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the experimental data described in chapter 4. Alongside the above theoretical models. a 
commercial computational fluid dynamics package (CFX-4.1) has been used to 
numerically evaluate the differences between air/water and steam/water. The thesis ends 
with the conclusions based on the results obtained in this study, and some 
recommendations for future work. 
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This chapter presents a literature review, aiming to present parameters which may have 
influence on the differences between air/water and steam/water systems. It begins with 
a general overview of two-phase flow, considering simplifications such as flow pattern, 
which give a clearer insight than would attempts for detailed calculations. Subdividing 
two-phase flow into defined flow patterns allows better descriptions of specific flow 
regimes (e. g. bubbly flow, slug flow, etc) to be developed. This chapter then gives a 
discussion of research work that has reported differences between air/water and 
steam/water systems. This is followed by a discussion of the parameters, such as void 
fraction, bubble size, heat and mass transfer etc, which may help to put these differences 
into perspective. This discussion is also indispensable as the following chapters are 
based on these parameters. 
2.1 Flow Regimes in Two-phase Flow 
Several different two-phase regimes are observed when gas and liquid pass cocurrently 
through a pipe. Flow patterns are of great importance in developing models to 
determine void fraction, pressure drop, heat and mass transfer. The flow pattern 
developed depends on the pipe orientation. It is also a well-established subject which 
can be found in the technical multiphase flow books (Butterworth and Hewitt, 1977; 
Hetsroni, 1982 and Whalley, 1996), even though many different names are used for their 
classification. The following is a brief discussion of different flow patterns in vertical 
and horizontal pipes, in order to be consistent throughout this study. The common 
regimes for upflow in vertical pipes are shown in Fig. 2.1 and described below: 
1) Bubbly flow; in this flow pattern, bubbles of approximately uniform shape move 
along the pipe. The mean velocity of the dispersed gas phase is slightly faster than 
that of the continuous liquid phase. 
2) Slug flow, in which the bubbles coalesce due to higher gas velocity, progressively 
the bubble diameter approaches that of the tube in the form of large bullet-shaped 
bubbles. The liquid phase contains a dispersion of smaller bubbles in the wake of 
the bullet-shaped bubbles. 
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3) Churn flow, a chaotic movement dominated by large bubbles containing liquid 
drops as well as a dispersion of small bubbles in the liquid phase. This occurs at a 
very high gas velocity, leading to breakdown of the slug bubbles. This flow pattern 
is highly unstable, and the liquid phase may move up and down the pipe. 
4) Annular flow, in which a wavy liquid film adheres to the pipe wall while the rest of 
the liquid is carried along the tube core as droplets. This pattern develops at very 
high gas flow rates. t) 
Bubbly flow Slug flow Chum flow Annular flow 
Figure 2.1 Flow patterns in vertical pipes. 
The common flow patterns which can occur in a horizontal pipe are depicted in Fig. 2.2 
and described below: 
1) Bubbly flow , in which segregated 
bubbles move towards the top of the pipe 
because of the buoyancy force. It is also known that at a given gas flow rate, the 
bubbles become smaller and more spherical as liquid flow rate increases. 
2) Plug flow, in which big bubbles are produced as a result of bubble coalescence. 
Theses elongated bubbles are separated by lengths of liquid which may contain 
smaller bubbles. It is also instructive to mention that the pipe inclination has a 
substantial effect on transition between sub-flow patterns. Hewitt (1982) referring 
to Barnea et al. (1980) showed that only 70 variation in the position of a horizontal 
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pipe may lead to the stratified flow (a sub-flow pattern between the bubbly and plug 
flows) to intermittent flow (either of the wavy or slug flows) transition. 
Flow direction 
Bubbly flow 
Wavy flow 
Plug flow 
Annular flow 
Increase in Gas flow rate 
Decrease in Liquid flow rate 
Figure 2.2 Flow patterns in horizontal pipes. 
Wavy flow, at higher gas flow rates, when big bubbles break and move the 
stratified liquid film along the pipe. Waves are formed on the gas and liquid 
interface and the wave velocity is much higher than the liquid phase 
(Butterworth and Hewitt, 1977). In the extreme condition in which the waves 
enlarge profoundly until adhere to the upper surface of the pipe, which is then 
called Slug flow regime. 
4) Annular flow, in which liquid drops are carried along in the high velocity gas core 
while a liquid film forms around the internal circumference of the pipe. 
Despite these descriptions of the flow regimes, there is some confusion on the best way 
to define the transitions between the individual patterns. This is because flow pattern 
identification may be based on different methods: 
1) visual observation; 
2) measurements based on the different pressure fluctuating in each regime; 
3) Study of void fraction changes during the transition from one regime to another. 
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As will be seen later, the most reliable method of establishing the flow regime uses 
gamma ray beam attenuation. which can be used for measuring the void fraction. 
2.2 Differences Between Air[Water and Steam/NVater Systems 
The differences between air/water and steam/water systems will be discussed in the 
following section in order to highlight the circumstances under which distinctive 
behaviour may occur and what parameters affect it. 
Heat transfer coefficient in flow boiling 
The design of heat exchangers and reboilers involves hydrodynamic and transport 
phenomena in one-component two-phase flows known as flow boiling systems. 
Reliable values for such parameters as the heat transfer coefficient are crucial. Although 
flow boiling is usually a one-component two-phase flow, most simulations have used 
air/water. Wadekar (1997) has shown that Chen's correlation (1966) which is based on 
steam/water results, underpredicts the heat transfer coefficients for air/water data at low 
quality and overpredicts them at higher quality. This disagreement is related to the 
differences in heat transfer between gas/liquid and vapour/liquid systems. It is stated 
that during heat transfer in gas/liquid flows, heat needs to be transferred to the gas phase 
itself, whereas in vapour/liquid heat transfer process stops at the interface and further 
vapour phase heat transfer is not required. The additional gas phase heat transfer 
resistance tends to reduce the two-phase heat transfer coefficient. This reasoning leads 
to the conclusion that air/water data can be used to simulate steam/water flow, providing 
that the sensible heating requirement of the gas phase for air/water mixtures is taken into 
account. Although good agreement was attained with the author's own experimental 
data, no theoretical background is available to support this hypothesis. Fig. 2.3 
illustrates the most important aspects of this hypothesis. 
Chapter 2 11 
Sensible heat 
A ir 
bubble 
Thicker heat and mass transfer 
boundary layer and 
internal heat transfer resistance 
Steam 
bubble 
Thinner heat and mass transfer 
boundary layer and 
no internal heat transfer resistance 
Figure 2.3 The assumed differences between air and steam bubbles (Wadekar, 1997). 
Mechanically agitated two-phase reactors 
Agitated vessels are very commonly used in industrial applications, with and without 
reaction. In some cases considerable amounts of vapour are generated in mechanically 
agitated vessels. Some examples are: 
" exothermic reactions in which solvent boil-off controls the temperature; 
" organic syntheses carried out under reflux. 
For the design of such systems some variables still need to be understood. The Relative L- 
Power Demand (RPD), which is the ratio of the power drawn by the impeller in two- 
phase condition to that needed to drive the same impeller at the a given speed when the 
liquid is neither boiling nor gassed is given by: 
RPD =P'= f(S, g, vi) [2.1] PV 
For agitated vapour/liquid systems, it was previously believed that both boiling and gas 
sparged systems were generally similar with respect to the evolution of ventilated 
cavities behind the impeller (Breber, 1986; Smith and Smit, 1988 and Smith and 
Verbeek, 1988). In these early investigations it was assumed that the effect of vapour on 
the impeller would corresponds roughly to that of sparged gas at a given volumetric rate. 
In contrast, Smith and Katsanevakis (1993) and Smith and Millington (1996) have 
reported that there are remarkable differences between gassed and boiling systems. 
Fig. 2.4 illustrates these differences as a function of RPD versus stirrer speed. Fig. 2.4a 
illustrates some of the experiments showing that RPD is essentially independent of the 
volumetric boiling rate in contrast to the situation in a gas/liquid system, illustrated by 
the smoothed curves of Fig. 2.4b, when it is a strong function of gas flow rate. It has 
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also been observed that in a boiling system, an impeller operates at a higher RPD than in 
a gas sparged system at similar volumetric flow rates. The differences between the two 
systems may be considered to arise from one or more of the following possibilities: 
there may be differences in the impeller drag coefficient between aerated gas and 
boiling systems, 
2) the actual pressure in a boiling cavity will be very close to the vapour pressure of 
the liquid around it and differences of only a tiny fraction of a degree of the 
temperature will cause significant changes in evaporation or condensation of the 
vapour; 
3) the thermal resistance in a boiling system is negligible compared to that in a gassed 
system due to the weak mass and thermal boundary resistance; 
4) a gas bubble which is not soluble is of relatively constant size, with little change 
due to pressure fluctuation or mass transfer. Conversely, a small change in local 
pressure or temperature leads to a remarkable change in vapour bubble size with 
almost instantaneous expansion or collapse. 
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Figure 2.4a Relative power demand as a function Figure 2.4b Smoothed data for RPD as a function 
of impeller speed for a Rushton turbine of 176 mm of impeller speed for a 180 mm Rushton turbine 
diameter (Smith and Katsanevakis, 1993). (Smith and Katsanevakis, 1993). 
Modelling the interaction between the two phases in stratified turbulent flow 
An understanding of the interactions at either gas/liquid or vapour/liquid interface in 
cocurrent stratified flow is of considerable value in the engineering design of film 
boiling and cocurrent streams in oil and gas pipelines. Lineham (1968) considered 
steam/water and air/water stratified two-phase flows in an attempt to discern the 
characteristics of the film thickness and interfacial shear stress (between gas/vapour and 
liquid layers). The experiments were undertaken in the same geometry of a horizontal 
rectangular conduit with inner dimension of 12.7 cm (width) by 1.43 cm (height). The 
dispersed phases (steam and air) were supplied via a boiler and compressor, 
respectively. The main conclusions of this study are: 
For steam/water flow, where the film is subcooled with respect to the temperature of 
saturated vapour, interfacial shear stress increases with the condensation rate. The 
condensation rate is proportional to the difference between the steam temperature and 
the film subcooling. In contrast, for air/water flow, the interfacial shear stress is 
found to be satisfactorily represented as a linear function of the film Reynolds 
number only. In other words, this difference can be expressed as: 
Interfacial shear stress -f (Re f,, ý, ) For Air/Water 
Interfacial shear stress -f (Re fii,,, and Condensation rate) For Steam/Water 
eA comparison of steam/water and air/water flows shows that for similar conditions 
the mean film thickness in steam/water can be less than half that in the air/water case. 
This is further elaborated in Fig. 2.5. 
In this figure Re, and Reg are Reynolds numbers based on the superficial phase velocity 
(approximately 0.05 m/s for the liquid phase and 10 m/s for the gas/vapour phase). As it 
can be seen the film thickness changes along the conduit for air/water system which is 
attributed to the effect of entrance effect (within 40 cm). Contrariwise, the smaller film 
thickness in steam/water case is related to the mass and heat transfer between two 
phases. This variation may also be a result of viscosity differences (0.9 mPa. s at 25 T 
and 0.2 mPa. s at 100 'Q, which are probably important since both liquid films are in 
laminar flow. 
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Figure 2.5 Comparison of film thickness in air/water and steam/water flows at different axial position 
(Lineham, 1968). 
Disturbance waves in flow boiling 
Other examples of significant differences between gas/liquid and vapour/liquid 
hydrodynamics are found in the annular flows. The annular flow regime occurs in many 
heat transfer and multi-phase applications. As is well known, in most cases of two- 
phase annular flow, large surface waves travel on the annular liquid film adhering to the 
channel wall. These waves named as "disturbance waves", have significant effects on 
the characteristics of the annular flow. These effects include interfacial shear stress 
(between gas and liquid phases) and liquid entraim-nent in the core (in extreme cases, up 
to 80% or 90% of the liquid may be transported as drops). These topics remain subjects 
of intense investigation by a number of researchers (Whalley, 1987). In order to find the 
effect of boiling on the behaviour of the disturbance waves Nakanishi et al. (1993) set 
up two vertical test rigs for air/water and steam/water systems. They found that the 
wave profile in boiling flow differs significantly from that in adiabatic air/water two- 
phase flow. Fig. 2.6 illustrates the typical example of the film thickness signal 
fluctuation (Y-axis) as function of the time. It can be seen that in steam/water case the 
wave profile has a fairly steep front side and a long-tailed rear side, which represents a 
highly dented wave surface. Contrariwise, in air/water system, the waves appeared to be 
spike-like, which corresponds to fairly smooth wave surfaces compared to the 
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steam/water case. This is seen as one of the possible reasons, which characterises the 
differences between air/water and steam/water systems. 
Fig. 2.7 represents the variation of the mean spatial wave separation as a function of 
quality for air/water and steam/water flows. The mean spatial wave separation is given 
by the product of the wave velocity divided by the wave frequency (Whalley, 1996). It 
can be seen from Fig. 2.7 that in the steam/water system, the wave separation takes a 
constant value of approximately (0.3 - 0.4m). On the contrary, in the air/water system, 
the value begins to increase dramatically at a certain quality. This difference is 
considered to be closely related to the non-equilibrium effects arising from phase change 
in steam/water system, rather than the liquid distribution between the liquid phase film 
and the entrainment. The effect of viscosity which is different in both cases (as stated 
before) may also be relevant. These effects agree with the findings of Lineham (1968), 
see above. 
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p=2.95 M Pa 
X=0.93 
Vg=31.5 m/s 
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0-. 5s 
Air/Water 
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Figure 2.6 Recordings of liquid film thickness signals in steam/water and air/water flows (Nakanishi et 
OL, 1993)). 
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Figure 2.7 Mean spatial wave separation. Comparison of steam/water and air/water (Nakanishi et aL 
1993). 
Two-phase flow damping in U-tubes 
The U-bend tubes of steam generators may be damaged by Flow Induced, Vibration 
(FIV), especially at higher values of void fraction. The FIV is directly proportional to 
the void fraction, the force induced by the flow and in inverse relation with the pipe 
inclination and total mass flux. An attempt was made by Axisa et al. (1988) to verify 
the damping phenomena in different systems like steam/water and air/water. Fig. 2.8 
demonstrates the effect of void fraction on damping. It can again be observed from this 
figure that there are significant differences between the two systems, with the damping 
more pronounced in the air/water case. Axisa et al. (1988) also found that for the 
air/water system at ambient temperature, damping is more than 3 times that for 
steam/water at 210 OC. The greater damping in air/water as compared to steam/water 
might be explained by considering the effect of surface tension, and its importance for 
the structure of two-phase flow. Another possibility may lie in the rate at which energy 
is dissipated by the vibrating tubes. This dissipation was found to be significantly less 
in steam/water than in air/water at higher void fractions. Therefore it seems that both 
surface tension and the rate of the dissipation of energy are keys to the clarification of 
this distinctive characteristic. The effect of local pressure fluctuation is also relevant as 
the FIV is influenced by the force induced by the two-phase flow. No further discussion 
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was made, but again further studies have been suggested to investigate the phenomena 
behind these differences. 
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Figure 2.8 Total damping as a function of void fraction (Axisa et aL, 1988). 
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Pressure drop in two-phase flow 
The prediction of pressure drop in two-phase flow systems is an essential component in 
the design of a variety of equipment used by process industries. The specifications of 
pipe length and diameter for oil transportation and heat exchangers, and the design of 
safety devices in power plants are examples for this. Therefore one of the original aims 
in the investigation of two-phase flow is to obtain reliable models for estimation of the 
pressure change. However the similar contradiction appears to be important between 
the air/water and steam/water systems in prediction of pressure drop in the pipes. 
Du kler et al. (1964) were among the first researchers who illustrated the differences 
between air/water and steam/water by comparing the experimental data with the 
pressure drop correlations. They reported that the Bankoff (1960) and Yagi (1954) 
pressure drop correlations, which are based on horizontal steam/water pressure drop 
experimental results show weak accuracy for horizontal air/water two-phase flow. 
In addition, Freeston (1980) carried out a set of experiments, endeavouring to 
characterise pressure drop in one-component steam/water and two-component alr/water 
flows. The aim was to design a safe and efficient pipeline for carrying the one- 
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component two-phase flow from the geothermal wells, in countries like New Zealand, to 
the point where it is utilised (for the purpose of electric power generation). The 
air/water experiments were undertaken in a horizontal pipe with industrial size (8.4 cm) 
in the annular flow regime. He showed that steam/water pressure drop correlations 
overpredict the air/water experimental data, particularly at higher liquid mass flow rate. 
It was suggested that further study is necessary before detailed conclusions could be 
drawn. However, the difference between steam/water and air/water was tentatively 
attributed to the difference between surface roughness of the pipes used in the 
experiments. As it will be demonstrated later, the surface roughness has some effects on 
the behaviour of the two-phase flow. However as most experiments in this study are 
carried out in stratified flow, the conclusions which are given by Lineharn (1968) and 
Nakanishi et al. (1993) are more relevant in describing this distinctive behaviour 
between the two system. 
More recently, Tribbe (1998) has evaluated a comprehensive experimental data set of 
pressure gradients in horizontal two-phase flows with the available predictive models 
(either of correlation or theoretical) in the literature. The pressure drop experimental 
data are contained in two large data banks known as the TVT-Dukler and the Stanford 
Multiphase Flow Database (SMFD). The TVT-Dukler data bank contains the 
experimental data from the University of Houston collected by Professor A. E. Dukler's 
research team and the data from the Institut Mr Thermische Verfahrenstechnik (TVT) of 
the University of Karlsruhe (Germany). The SMFD data bank mainly consists of the 
University of Calgary's Multiphase Database. These data banks comprise of 15000 data 
of which 5505 were in the bubbly flow regime. It is shown that the air/water 
experimental data are predicted relatively well with the models, which supports the fact 
that air and water are used as a model two-phase system and the results are commonly 
used in model development. However the accuracy of the models deteriorates when 
they are compared with steam/water experimental results. It is also concluded, without 
any discussion, that the error between the experimental data and the predictive results is 
higher in the bubbly flow regime than in the other flow regimes. 
From the above discussion, it is apparent that there are significant differences of opinion 
on the use of air/water to simulate steam/water systems. While some researchers 
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emphasise the similarities of the systems in their individual studies, others have reported 
opposite results. It seems that any calculation in a specified gas/liquid flow regime 
cannot simply be applied to the same flow regime in steam/water system and vice versa. 
Perhaps the most significant distinctive behaviour is revealed in cases, when the two 
systems encounter obstructions (Axisa et al., 1988; Smith and Katsanevakis, 1993 and 
Smith and Millington, 1996). It can be concluded that analysis of air/water and 
steam/water systems still lags behind the theoretical basis of other general fields of flow 
theory. However, it appears that despite these differences no fundamental study on this 
subject has previously been carried out. 
The first step towards dealing with the differing behaviour of air/water and steam/water 
systems is to study a bubbly flow regime, for the following reasons: 
" Bubbly flow structure can be more easily characterised than that of other flow 
regimes. Similarly, there is some expectation that it should be possible to measure 
bubble size and interfacial area more reliably than would be the case for other flow 
patterns. 
" Flow regimes other than bubbly flow are highly unstable and oscillatory. The 
experimental uncertainties in bubbly flow are therefore much more tractable than 
those of other regimes. 
2.3 Bubbly Flow 
2.3.1 Definition and Importance 
The bubbly two-phase flow regime is characterised by the presence of bubbles with a 
maximum size much smaller than the diameter of the containing pipe. This flow pattern 
is widely relevant in the process industries, especially in applications where a large 
interfacial area is needed for mass and or heat transfer between the phases. However 
even in adiabatic systems with constant gas and liquid flow rates, the structure of a 
bubbly flow is complicated. This is because the complex interactions between the two 
phases, due to the influence of parameters such as bubble shape and its distribution, 
pressure, and velocity variations. For a quantitative description of gas/liquid flow. it is 
important to understand the physical phenomena in this flow regime. 
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2.3.2 Vertical and Horizontal Bubbly Flow 
In order to obtain a better understanding of bubbly flow structure, it is necessary to 
define the phenomena and associated forces involved in flows through both horizontal 
and vertical pipes. As mentioned earlier, in bubbly flow, bubble sizes are relatively 
uniform. However the bubble distribution is different in horizontal and vertical pipes. 
In vertical upflow, the important force is a horizontal lift force which encourages bubble 
movement towards the wall, as illustrated in Fig. 2.9. In this figure Ub is the bubble 
velocity, U, the local liquid velocity and Ur the rotation velocity which is the differences 
between U, and Ub. It is to be expected that bubble distribution can be affected by the 
velocity gradient in the neighbourhood of each bubble as depicted in this figure. It 
should be emphasised that the lift force only applies for small spherical bubbles with a 
diameter of less than 3-4 mm (Ohba et al., 1976). 
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Figure 2.9 Illustration of bubble behaviour due to lift force in upward vertical flow. 
In horizontal pipes, buoyancy, which pushes the bubbles towards the top of the tube, is 
the dominant force. Kocamustafaogullari et al. (1994) reported that one of the main 
differences between horizontal and vertical upflow is that there is a significant positive 
relative velocity between bubbles and liquid in vertical upflow, while segregation leads 
to a small negative relative velocity in horizontal flow. 
2.3.3 Effect of Bubble Size on the Hydrodynamics of Bubbly Flow 
In attempting to characterise bubbly flow, one of the main problems is to determine the 
effect of bubble size on hydrodynamics, mass and heat transfer. This is crucial for 
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insight into the structure of this flow regime. It is also directly related to the transport 
phenomena between the phases. Bubble size in bubbly two-phase flow Is strongly tied 
to the following parameters: 
the physical properties of the two phases; 
mass and heat transfer which may lead to evaporation and condensation; 
operational parameters, e. g. gas and liquid flow rates,, temperature; 
geometrical parameters, e. g. bubble generation method and downstream distance. 
As will be seen later, the hydrodynamics of bubbly flow are affected by any variation in 
bubble size resulting from changes in the physical and operational parameters. In order 
to show the effect of bubble size on the flow structure, Liu (1993) pointed out that the 
same void fraction can be obtained from either a large number of small bubbles or a 
small number of large bubbles flowing upward direction in a vertical pipe. However, 
the flow structures in the two cases are entirely different, with distinct interfacial areas 
and turbulence dissipation levels. This study also showed that the larger the bubbles 
generated at the inlet, the more rapidly is a slug flow regime attained in vertical upward 
flows. This implies that bubble size is an important parameter affecting the 
establishment of flow patterns. 
Nakoryakov et al. (1996) showed that the momentum exchange between liquid and gas 
phases increases with increasing bubble size, This effect is considered to be closely 
related to the interfacial area and the intensified level of turbulence, which is 
considerable at higher gas flow rates. On the other hand, Kocamustafaogullari et al. 
(1994) observed that in horizontal pipes the effect of liquid velocity on bubble size is 
much greater than that of gas flow rate. It reflects a higher level of turbulent energy 
dissipation at higher liquid flow rates. From the perspective of geometrical effects, 
Takamasa (1989) has reported that wall roughness promotes bubble coalescence, 
leading to an increase in bubble diameter in sub-flow atterns up to slug flow in vertical In p 
tubes. Of the phenomena which may also have influence on the bubble size and 
subsequently on the hydrodynamics of the two-phase flow are heat and mass transfer, 
leading to different time response of bubbles to any imposed temperature or 
concentration. 
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2.4 Dynamics of Air and Steam Bubbles 
The dynamics of bubbles may characterise the differences between the air/water and 
steam/water systems. Smith (1995) showed that there is a distinctive response to any 
change in temperature and pressure in the two systems. He considered the response of a 
2 mm saturated air bubble at ambient temperature to an imposed temperature. The 
internal circulation inside the bubble is neglected and approximately considered to be 
stagnant. The mean internal temperature of a stagnant sphere approaches to within 1% 
of a step change in its surface temperature when the Fourier Number (ocit/d 2) is higher 
than 0.1-33. For air the thermal diffusivity ((x, ) is about 2* 10-5 M2S-I which implies that 
for a bubble of 2 mm diameter the response time is in the order of 25 ms. 
The volume change associated with the condensation of a steam bubble is more 
complex. However a simple approach can be considered which is only applicable for 
small bubbles (<33 mm) with no internal circulation, as well as ignoring mass transfer 
effects. A change in local pressure of 0.01 bar in boiling water corresponds to a 
difference in boiling point of about 0.25 K. As far as the internal temperature 
distribution is concerned this would change as rapidly in steam as in air except that 
vaporisation or condensation, that will lead to volume changes, requires the addition or 
removal of latent heat. Assuming as a direct contact condensation film heat transfer 
coefficient does not depend on the bubble size the following differential heat and mass 
balance is written for a bubble of initial radius Ri which changes by "dr" over a time 
internal "dt": 
(4 
7rr 2 
ýr 
(changes in the volume of bubble) [2.2] 
(47rr 2 ps 
ýr (mass condensed) [2.3] 
(47Er 
2 p, Ah v 
ýr (latent heat to be removed) [2.4] 
(47ir2hc 
ATýt (heat transferred) [2.5] 
This leads to: 
t= 
r=O 
(ý 
7rr2psAh ', 
)dr 
- 
PsAh Ri (time for total collapse) [2.6] 2h AT 
f 
47ir h AT) C r=Ri C 
Assuming that Ahv (latent heat) is 2.2* 106 J kg -1, hc (internal heat transfer coefficient) is 
about 105 WM-2 K-1, (Jeje et aL, 1990), p, (density of saturated steam) is 0.6 
kg. M-3 and a 
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AT is 0.25 K (temperature difference between inside and outside the bubble). then the 
time of total collapse for a bubble of initial diameter 2 mm would 52 ins. 
2.5 Void Fraction in Bubbly Flow 
Knowledge of the internal flow structure is needed to advance the investigation of two- 
phase flow. There is a major problem in the estimation of the effective local density of 
the mixture when trying to determine how the pressure changes along a pipe. This 
requires information about the ratio of the cross-section occupied by gas, which is called 
void fraction. This is a crucial parameter for hydrodynamic and thermal calculations, 
for the characterisation of the flow regime and for defining the onset of changes in flow 
pattern. An accurate local void fraction profile is also necessary to determine 
momentum, heat and mass transfer between the phases. 
2.5.1 Void Fraction Distribution at Different Cross-sections for 
Vertical and Horizontal Flows 
Void fraction can vary dramatically in both radial and axial directions. As mentioned 
above,, in vertical pipes the main force acting on the void fraction is the lateral force. 
This force in the radial direction is the result of the velocity gradient. There is a second 
effect involved in the void fraction profile in that geometric factors prevent bubbles 
from getting closer to the wall than their own radius. The wall effect keeps bubbles 
away from the pipe wall in the opposite direction to the lift force which is directed 
towards the wall. The result of the balance between these effects is to create a local 
maximum of void fraction either near the wall or in the pipe centre. The experimental 
results reported by Serizawa et al. (1975) with a pipe diameter of 25 mm for fully 
developed flow show that at a fixed axial position, four major void distribution patterns 
exist (wall peak, intermediate peak, transition and core peak) as shown in Fig. 2.10. 
This figure illustrates that as the flow regime changes from bubbly to slug flow, the void 
fraction profile alters from peaking near the wall (or saddle shape) to the core peak in 
the centre of pipe. These observations have been repeatedly confirmed by many other 
investigations (Kobayasi et al., 1970, Liu, 1993; Nakoryakov et al., 1981 Ohba et al., 
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1976 and Zun, 1980). The results of these investigations show that in the bubbly flow 
regime, the void fraction in a given cross-section but at different radial positions may 
vary by as much as 50%. It is apparent that an explanation for this characteristic is 
crucial for the development of satisfactory theoretical approaches. 
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Figure 2.10 Possible phase distribution pattern (Serizawa et al., 1975). 
The mechanism of the saddle shape void fraction profile that maintains most of the 
bubbles at a certain distance close to the wall can be explained as follows: 
1) Takamasa (1988) considered that there are two reasons for the peculiar void 
fraction profile near the wall. In bubbly flow, rolling vortices can be produced near 
the wall as a result of liquid turbulence and wall friction. These vortices 
concentrate the small bubbles near the wall. The second effect is that of the lift 
force. As stated above, the radial gradient in the liquid velocity profile causes the 
bubbles to rotate. This rotation with the velocity difference between the bubble and 
the surrounding liquid results in the transverse lift force which keeps the bubbles 
near the wall. 
2) Kobayasi et al. (1970) observed that the bubble velocity near the wall is less than 
that in the central region, causing bubbles apparently to accumulate near the wall. 
3) Liu and Bankoff (1993) suggested that the migration of the bubbles towards the 
wall can be explained by the effect of viscosity. It is apparent that owing to a 
strong velocity gradient near the wall, the viscous effect may be important and 
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subsequently causes a larger drag force on the bubbles near the wall. This 
encourages the bubbles to rotate near the wall. Other bubbles which are close by 
might tend to coalesce and produce the higher void fraction near the wall. This 
reason seems unlikely in a highly turbulent flow. 
Liu (1993) observed that the radial void fraction profile is a strong function of bubble 
size and the phase velocities. The location of maximum void fraction has been reported 
to be at a distance of between 0.5 and 0.7 db from the wall (Kobayasi et al., 1970) and 
also at between 0.6 and 1.5 db (Ohba et al., 1976). 
Much less attention has been paid to bubbly flow in horizontal pipes than in vertical 
upflow. As discussed above, in horizontal bubbly flow, bubbles tend to migrate to the 
upper wall under the dominating influence of buoyancy force. Kocamustafaogullari and 
Wang (199 1) observed that there is a distinct peak of the void fraction near the top wall 
at about r/R= 0.8-0.9. A similar observation was reported by Heringe and Davis (1978). 
The results of both investigations lead to the conclusion that the associated bubble 
coalescence is the main reason for the asymmetric void fraction profile. This implies 
that the physical properties of the two phases, particularly surface tension, will influence 
the void fraction profile. 
2.5.2 Effect of Elevated Temperature on the Void Fraction 
The temperature of water is obviously important when the distinctive behaviour of 
air/water and steam/water mixtures is to be considered. It is relevant therefore to look at 
both gas and vapour dynamics in liquids near the boiling point. It is obvious that the 
physical properties of the phases are affected by temperature. A survey of the literature 
reveals that most investigations of gas/liquid two-phase flow simulation and regime 
recognition have not considered temperature effects, whereas some commercial two- 
phase flow systems often operate at elevated temperatures, particularly near to or at the 
liquid boiling point (Tribbe, 1998). 
Relevant conditions arise in many tubular reactors in which exothermic reactions are 
carried out in a two-phase regime; perhaps thermal cracking provides the most 
spectacular example. A different application involving a similar physical situation is 
26 Effect of Elevated Temperature on the Ioid Fraction 
used in the heat exchangers in which fouling resistance 15 reduced by increasing 
turbulence near the heat transfer surface by injecting inert gas into the hot liquid feed. 
Most investigations of inert gas injection have nevertheless been carried out at ambient 
temperature (Kuru and Panchal, 1997). It has generally been believed that the effect of 
temperature could be ignored because of the much higher liquid flow rates than those in 
bubble columns, together with the immiscibility of gas and liquid. Little or no 
fundamental work has been published in this respect. 
It is believed that one key phenomenon related to the variation of void fraction is bubble 
coalescence or collapse. When two air bubbles coalesce, they must overcome the 
resistance to drainage of the liquid film between them. In the case of pure water this 
resistance is caused by the intermolecular forces of water (hydrogen bonds) which keep 
water molecules bound together. Jamialahmadi and Miiller-Steinhagen (1993) stated 
that if the intermolecular forces are relatively weak, then the chance of bubble 
coalescence should increase. It is shown that in the absence of vibration and agitation, 
temperature has a considerable effect on the rate of bubble coalescence. Several 
investigators have looked at the effect of elevated temperature in bubble columns. 
There are large discrepancies between the results of various investigations. Grover et al. 
(19 8 6) conducted a set of experiments in a pipe with an inside diameter of 10 cm and air 
and water as the working fluids. They observed that with an increase in temperature the 
gas holdup decreases substantially below 50 OC. Above this point, however, the effect 
of temperature is only marginal. They also reported that an increase in temperature 
leads to a decrease in the gas velocity at which the flow regime changes from bubbly to 
slug flow. Saxena et al. (1992) confirmed the above results in their experiments in a 
pipe with 30.5 cm. They observed that as the temperature goes up, the bubble size 
increases. This effect is attributed to the influence of vapour pressure near the boiling 
point. Contrariwise, Renjun et al. (1988) showed that, in a pipe with inner diameter of 
10 cm,, the effect of temperature on the gas holdup can be divided into two stages. At 
first,, below about 75 T gas holdup increases slowly with an increase of the temperature. 
Above that temperature gas holdup increases remarkably as the temperature rises. This 
effect is said to be closely related to the bubble size and vapour pressure of the liquid. 
They also incorrectly stated that bubble size is smaller at the elevated temperatures 
because of the increased higher vapour pressure. The present study aims to characterise 
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the effect of temperature on the void fraction at elevated temperature, particularly near 
to the boiling point. It is expected that the experiment at elevated temperature will help 
us to understand how the flow structure changes as the air/water system approaches a 
steam/water system, and provide a better insight into the different behaviour between 
air/water and steam/water systems. The effect of parameters, which control the effect of 
temperature will be demonstrated in chapter 4. 
2.6 Geometrical Effects 
Knowledge of geometrical effects, is needed: 
1) for the design of two-phase experimental test rig; 
2) to identify conditions with maximum possible difference between air/water and 
steam/water. 
Literature relevant to these topics is briefly discussed in the following. 
2.6.1 Entrance Effects 
Some of the most open questions of two-phase flow arise in any discussion of entrance 
effects. The definition of a fully developed region in two-phase flow is one in which the time averaged 
void and velocity distribution does not change with length. Reported values of the ratio of the 
downstream length to the pipe diameter to reach to fully developed stage are in the range 
from L/D=6.0 to 700. The entry length to attain the fully developed flow in a single 
phase is a function of the pipe diameter, the fluid velocity, the physical properties of the 
fluid and the wall roughness. However two-phase flows are more complex. Takamasa 
(1989) pointed out that expansion of the gas phase as a result of the pressure change 
along the pipe causes density changes of the components with an associated continuous 
change in flow behaviour. He also stated that fo r air/water 
flow a L/D ratio of more than 150 is required to reach a dynamic equilibrium and a fully 
developed condition. On the other hand, Liu (1993) stated that it is possible to reach the 
fully developed condition earlier at higher liquid flow rates. Takamasa (1989) also 
showed that in bubbly flow the effect of bubble size is significant. Fully developed 
conditions in one-component two-phase flows such as in steam/water, could be more 
complicated due to condensation or evaporation phase changes. 
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2.6.2 Effect of Roughness on Developing Vertical Flow 
Despite the fact that most commercial pipes are rough, the majority of experimental 
work has been done in smooth tubes. Takamasa (1988,1989) showed, for flow patterns 
up to slug flow in upward vertical pipes, the following effects as the wall roughness 
increases: 
1) the void fraction profile changes from saddle shape (with a maximum near the 
wall) to the core profile (with the maximum in the centre); 
2) bubble diameter increases; 
3) the effect of wall roughness reduces as the distance from the inlet increases. This 
was explained in terms of the change in void fraction profile from saddle to core 
profile. 
These phenomena may be explained as follows: The friction factor increases with wall 
roughness, leading to the formation of large vortices in the centre of the pipe. The 
movement of bubbles maintained by the lift force near the wall is disturbed and the void 
fraction profile changes from a saddle shape to a core profile. On the other hand, 
Spedding and Spence (1993) reported that except in horizontal bubbly flow, the effect of 
wall roughness is negligible. From this it appears that wall roughness behaves as a 
resistance to the flow and that this may cause some effect on the bubbly flow. However, 
this unlikely to have the same effect on bubble size and void fraction in regimes such as 
slug and upper flow regimes. In such regimes, the bubbles are much bigger and 
dominate the effect of vortices which are generated by the surface roughness. 
2.6.3 Effect of Flow Obstructions 
The investigation of the pressure drop for two-phase flow through constrictions, is 
relevant to most applications. Obstructions decrease the area available for flow thus 
increasing the velocity, in particular that of the gas. As a result, a constriction or an 
obstruction in the flow can induce a transition between flow regimes at lower liquid and 
gas superficial velocities than would otherwise be the case. (Salcudean et al., 1983). 
Kuo and Wallis (1988) observed that in a vertical venturi, bubble velocities first sharply 
increase and then decrease beyond the throat point. It was also shown that as bubbles 
reach the throat, they become distorted from spherical to ellipsoidal shape. This can be 
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explained by the fact that the difference between gas and liquid velocities increases as 
the throat is approached with the consequence of higher values of the Weber number. 
This leads to the observed change in bubble shape at the throat. Both the alteration of 
bubble size and velocity influence the local pressure changes as the flow passes through 
constrictions. 
2.7 Summary and conclusions 
This chapter has reviewed literature concerned with flow processes in which any 
differences between flows of dispersed gases and vapours might be evident. Some 
discrepancy arises when two-phase mixtures come across an obstruction such as an 
impeller in mixing tanks. Perhaps the clearest effects have been reported for annular 
flow, which is probably a result of different drag coefficients in the systems compared. 
The validation of an air/water system in simulating steam/water mixtures might be most 
appropriate for bubbly flow due to the simplicity of the flow structure and experimental 
reliability compared to the other flow regimes. The effects on bubbly flows of the 
complex bubble dynamics associated with either evaporating or condensing systems do 
not appear to have been investigated. This confirms the suitability of this area for future 
work. 
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EXPERIMENTAL SET UP AND PROCEDURE 
The aim of the present study is to obtain reliable measurements of the effect of the 
parameters that control the differences between air/water and steam/water flows. The 
present chapter describes the experimental facilities that have been used, including the 
ASW (Air-Steam-Water) test rig; gamma densitometer; the LDV (Laser Doppler 
Velocimeter) system and the high speed video camera. 
3.1 Experimental Set-up 
3.1.1 Description of the ASW Rig 
A closed flow loop (open to the atmosphere) has been designed and constructed to 
investigate the void fraction and pressure drop for air/water and steam/water flows 
through either a normal pipe or a venturi. The experimental test rig is illustrated 
schematically in Fig. 3 ). 1. 
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Figure 3.1 Schematic diagram of the ASW test rig. 
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The loop has 1.5 in vertical [V] and 2 in horizontal [H] measuring sections. It is 
appreciated that these are inadequate for the establishment of fully developed two-phase 
ým 
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flows, however the restricted available space was the main reason in constructing the 
loop with the above lengths. This limitation is less significant as it is thought that the 
entry length may be one of the more relevant differences between the two types of 
flows. The pipe is Pyrex glass with 24.2 mm inside diameter. Flow visualisation, 
velocity measurement (using LDV system), and high speed video photography are 
possible in the glass tube. A gamma densitometer [G] can be mounted on either 
measuring section to measure the local void fraction. The low pressure circulating loop 
contains a holding tank [A] at the top right hand side, in which the bulk water 
temperature is regulated by an immersed electric heater and cooling coil. The loop has a 
circulating pump [P] and a magnetic liquid flow meter (Brooks Instrument, Model 
8722) [E] with a range of 0-40 lit/min. A gas mass flow meter [1] is also used within 0 
to 12 lit/min (Brooks Instrument, Model 5850s). The details of the error in 
measurement are subsequently explained in this chapter. The whole test rig is protected 
against pressure surges caused by the water pump or other nearby equipment. A photo of 
the experimental test rig is shown in Fig. 3.2. 
Figure 3.2 AWS experimental ric, zn, 
Chapter 3 
Both vertical and horizontal test sections have thermocouples (J and K types) to measure 
the entering flow temperature. The gamma densitometer [G] can be traversed along the 
test sections. The movement allows the void fraction to be measured at points along 
each test section separated by only 5 mm. This precise positioning allows the void 
fraction dynamics of each system to be accurately assessed. The traverse apparatus is 
shown in Fig. 3.3. For the steam/water work bubbles are generated by a secondary 
heater either located at the entry to the vertical section [B] or at the start of the 
horizontal section,, as appropriate. The following sections describe the equipment used 
in air/water and steam/water experiments. 
Figure 3.3 Traverse apparatus of the gamma densitometer. Zýl 
n 
Equipmentfor Steam/Water Experiments 
3.1.2 Equipment for Air/Water Experiments 
Air is introduced to the test section through a gas sparger. In this study three kinds of 
gas spargers are used, depending on whether the nature of the experiment requires 
different bubble sizes or bubble concentrations. Fig. 3.4 shows three different spargers 
used in this work. Two are concentric stainless steel tubes terminated by cylindrical 
porous plugs, which provide good gas distribution. The third gas sparger is simply a 
single nozzle. This is used when low concentration of bubbles is of interest, particularly 
at elevated temperatures. The sparged air bubbles are in the 2 to 5 mm size range, the 
size depending on the liquid flow rate. The mixture of air and water passes through the 
test sections where local void fraction and pressure can be measured. The air/water 
mixture is separated in the supply tank, with the water being re-circulated. 
Figure 3.4 3 different kinds of gas spargers used in this study. Z=ý II. D 
3.1.3 Equipment for Steam/Water Experiments 
All these experiments are naturally carried out at the boiling point. For vertical flow 
measurements, the circulating water can be superheated by, or steam is generated on the 
external surface of, a separate 6.0 kW heater in the bottom left hand side tank [B] as 
shown in Fig. 3.5. In the experiments with horizontal flow, vapour bubbles are 
generated on the surface of a coaxial rod heater, at the start of the experimental section 
with a heat input up to 1.6 M Since steam bubbles are very sensitive to temperature 
variation , it is convenient to maintain the 
bulk temperature of the water at the boiling 
point with the main heater in the supply tank [A]. The whole test rig, excepting for 
those areas which needed to be accessed for the experiments, is insulated in order to 
minimise heat losses. 
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3.1.4 Description of the Venturis 
Venturi profiles have been introduced into the test sections. Two different polycarbonate 
inserts have been made. These fit closely into the glass tubes and provide the necessary 
changing pipe cross sections in which the changes in local pressure and void fraction 
can be measured. Polycarbonate absorbs little gamma radiation and is unaffected by the 
operating temperatures used in this study. Figs. 3.6 and 3.7 show the schematic diagram 
and a picture of the venturi inserts with the geometric specifications. Both are 120 mm 
in length and 10 mm in diameter at the throat with the outer diameter closely matching 
the pipe inside diameter. The first venturi, which was designed for measuring pressure 
profiles, has pressure tappings at four points along its length. Four circumferential 
grooves have been machined, beginning from the throat, separated 20 mm from each 
other. As the aim is to measure the average pressure over the cross-section, four radial 
holes of 1.5 mm diameter have been drilled from each channel groove into the central 
free cross-sectional area. The pressure channel grooves have been isolated from each 
other with "0" rings that eliminate the danger of any leakage 
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flow. Four water filled capillary tubes pass downstream along the glass tube wall inside 
accurate grooves in the outer surface of the venturi to transmit the pressures for 
measurement. 
The dimensions of the second venturi are similar, but since it is used only to measure 
the void fraction variation along the venturi, it is made without the pressure tappings 
and grooves. Void fraction is measured at six points along the venturi as shown in Fig. 
3.6. Before doing any experiment, the gamma densitometer was calibrated at specified 
points along the venturi. The whole unit is tightly sealed. 
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Figure 3.6 Schematic diagram of venturi sections. zn 
Figure 3.7 Venturi used in this study. 
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3.1.5 Gamma Densitometer 
Measurement of void fraction in two-phase flow is important but challenging. A 
number of different methods are available. The most common method uses quick- 
closing valves to trap the two-phase mixture, which is then allowed to separate. This 
method not only has the disadvantage that the flow has to be stopped or diverted but 
also has poor accuracy and repeatability. A conductance probe technique is also widely 
used; it gives precise phase fraction measurements. This can be done either by a point 
conductivity probe averaged over time or the average conductivity between two large 
electrodes. Nevertheless the first method is mainly used, in order to maximise the 
intrusion free passage for the flow into the pipe. The method depends on the difference 
between the conductivity of the liquid and gas phases, hence the accuracy is poor for 
two phases of similar conductivity. However, as mentioned above, the probes may 
obstruct - the two-phase flow, particularly at high temperatures, where the air bubbles 
are partially saturated and tend to collapse or coalescence. The gamma absorption 
technique avoids these disadvantages and can give accurate results. Moreover this 
intrusion free method provides absolute measurements with an integration time of less 
than 0.1 s. This also provides local instantaneous values of the void fraction where a 
rapid change in the flow characteristics is inevitable such as steam/water two-phase flow 
at high flow rates. The basic principle of such measurements is simple. The attenuation 
law of a mono-energic narrow gamma ray beam in a homogenous medium is defined by 
the following equation: 
I= loe-'APx = loe-yx [3.1] 
where I is the transmitted intensity of the gamma ray, 1,, is the initial incident intensity, ýt 
the mass absorption coefficient, x the thickness of the medium traversed, p the density 
of the medium through which the beam is passing and y (= [tp) the linear absorption 
coefficient of the medium. By considering Fig. 3.8 when there are two phases flowing 
together, with a wall of total thickness xwall, the resulting gamma ray intensity 
transmitted is, according to Eq. [3.1 ], 
I= loe -YGXG - YLXL 
) [3.2] 
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where the subscripts wall, G and L denote pipe wall, gas phase, and liquid phase, 
respectively. Since the wall thickness at a given position Is fixed, the fractional 
attenuation of the gamma ray passing through the wall is also constant and equal to: 
I10= loe(-Ywall X wall 
) 
Subsequently, Eq. [3.2] can be re-written as: 
I= (e 
(-, ýG "' G- YLX L) 
Gamma Densitomeier 
[ 
[3.4] 
It follows from Fig. 3.8 that: 
H= XG + XL [3.5] 
where H is the total distance between the conduit walls at the measurement cross- 
section. By substituting Eq. [3.5] into [3.4] it follows that: 
In( 0)/H -7 xG 
tj (7G -7L) 
where SG is the local gas void fraction. 
[3.6] 
Figure 3.8 Gamma ray transmitted through the pipe. 
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In this study, an Americium-214 gamma source densitometer is employed for measuring 
the void fraction. The system has been designed to be sensitive to very small changes in 
the void fractions in the range from 0 to 2% within a fluid. The slit collimator supplied 
with the system provides a transverse beam 25 mm wide and 5 mm thick. The signals 
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for measuring average void fraction are generated by a linear array of 100 detectors, as 
shown in Fig. 3.9. More design specifications of the gamma densitometer can be found 
in Appendix A. 
I i 100 
I Gamma source 
Figure 3.9 Schematic diagram of the gamma densitometer detectors. 
3.1.6 Laser Doppler Velocitometer (LDV) 
LDV measurements provide instantaneous information about the fluid flow. The 
advantages of Laser velocimetry include: 
" no flow calibration is required; 
" there is no probe which may physically disturb the flow; 
" senses only the velocity and is virtually independent of temperature and density of 
the fluid; 
" provides precise measurements of the velocity and turbulence intensity of the flow. 
The components of the laser velocimetry system include the laser source, light 
collecting optics, a photo-detector to convert the light signal into electrical signals, a 
signal processor to convert frequency to voltage, and a data processor. 
The mechanism of LDV measurement is schematically depicted in Fig. 3.10, In the 
simplest arrangement two intersecting beams originating from a common source 
produce an interference fringe pattern. A particle traversing this pattern will scatter 
light with an intensity that depends on its position, so that its velocity can be determined 
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by measuring this scattering frequency. A velocity measurement can only be made 
when fine particles scatter light in all directions while going through the volume def ned 
by the crossing beams. 
It is appropriate to discuss the reliability of LDV measurement in two phase flow, even 
though the above advantages have made the LDV system one of the most reliable 
methods for measuring liquid velocity in single phase flow, more care should be taken 
where if need for gas/liquid two phase flows. Some of the fine particles mentioned 
above may become attached to the external surface of gas bubbles, producing noisy 
signals and subsequently interference in the output. There are significant advantages in 
applying LDV system for bubbly flow where the bubbles are relatively small (Hassan et 
al., 1998 and Wilson, 1982). It is advisable, however, not to use the LDV system above 
a void fraction of 0.15. 
In the dual-beam LDV system, the frequency of one of the laser beams is changed 
slightly ("shifted") while the other beam is not. This causes the interference pattern in 
the measurement volume to move in a direction from the shifted beam (with a higher 
frequency) towards the unshifted beam (at the lower frequency), at a frequency equal to 
the shift (as illustrated in Fig. 3.10). Thus, a particle passing through this measurement 
point, and moving in a direction against the fringes, generates a signal with a frequency 
that is equal to the frequency shift plus its own Doppler frequency. On the other hand, 
the signal from a particle passing through the measurement point but moving in the 
same direction at the fringes, has a frequency that is equal to the difference of the 
frequency shift and its Doppler frequency. This technique allows resolution of the 
ambiguity in the direction of movement that would otherwise arise with particles 
moving with small velocities. The frequency shift used in the available LDV system is 
40 MHz. 
A signal processor extracts frequency information from analogue signals that are mixed 
with noise due to chaotic movement of particles in the measurement point. The source 
of these signals is proportional to the particle velocity. 
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In this study a Helium-Neon laser source was used in the LDV system that measures the 
velocity and turbulence intensity of the liquid phase. The detailed specifications of the 
system are given in table -33.1. A precision digitised traversing mechanism with a 
positional accuracy in the order of fractions of millimetre facilitates the collection of 
data at different cross-sectional positions. A number of preliminarily experiments were 
undertaken, prior to the final liquid velocity measurements, to ensure that the focal point 
is positioned in the right place with respect to the focal length (102.0 mm). The light 
scattering particles used were aluminium oxide with a range of 0.1 - 0.3 ýLrn- 
Table 3.1 Specifications of the LDV system used in this study. 
Type He-Ne. 30 mW 
Wave length 632.8 nm 
Beam spacing 15.0 mm 
Focal length 102.0 mm 
Fringe spacing 4.3 14 7 ýtm 
Particle movernent 
(f + 40) MHz 
(Shifted Bearn) 
v 
No- Fiberoptic Probe 
probe 
and view 
/1 
(f ) MHz 
(Unshifted Beam) 
II 
i 
Optical 
Fringe Movement 
(40 MHz) 
Flow Enlarge Section of 
Measurement Volume 
Figure3.10 Fringe movement in a frequency-shifted system. 
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3.1.7 High Speed Video Camera and Image Analysis 
Visualisation is considered a key role in the phenomenological description of two-phase 
flow systems. This is rather important at the higher temperatures to discern spatial 
evolution of the flow structure in air/water mixtures where bubble size and distribution 
changes along the pipe. Video with its facility for instant control of image quality and 
processing provides an excellent medium of this. In this study a high speed video 
camera (Kodak Ektapro HS Motion Analyser Model 4540) is used. This camera can 
acquire at frame rates up to 40500 frames per second. The full frame resolution is 256 
x 256 pixels. The images can be downloaded to VHS or digitally to an IEEE GPIB 
board on the image analysis system. 
During the experiments the video images were taken at two positions defined by the 
downstream length ratios, L/D= 17 and 45, respectively to observe the spatial evolution 
of flow structure in vertical direction. The test section was covered with a water-filled 
rectangular polycarbonate box, as shown in Fig. 3.11, that minimised the effects of 
refraction on the recorded images. The video records were analysed using the image 
analysis package (Optimas version 5.22) to establish the bubble size distribution. 
Optimas includes the process of extracting measures, formatting and analysing data. 
Polycarbonate box 
15 cm 
High speed video camera 
Figure3.11 Polycarbonate box for reduction of refraction. 
3.2 Experimental Procedure 
The measurements were carried out by varying liquid flow rate, gas flow rate, 
temperature, and the initiating local heat load (for steam/water flow at boiling point). 
The liquid flow rates ranged from 0 to 40 lit/min (0-1.5 m/s through the test section) and 
the gas flow rates covered a range from 0 to 12 lit/min (superficial velocities from zero 
up to 0.76 m/s). As this study is limited to bubbly flow, most of the experiments have 
been carried out at higher liquid flow rates. At each liquid flow rate, the gas flow rate 
was increased to the point that the bubbly flow regime could not be maintained. The 
temperature of the continuous phase was maintained at a selected value by regulating 
the amount of heating load or cooling in the main supply tank [A]. To avoid subcooling 
of the steam/water system, the measurements were started using the highest value of the 
local heat supply [B] to initiate boiling. 
As mentioned before,, different techniques and test rig geometries have been used in this 
study, aiming to discern any difference between air/water and steam/water systems. 
These include measurement of void fraction, local phase velocity (LDV), and high speed 
video photography. In addition to these a variety of flow geometries, including flow 
through the straight vertical and horizontal pipe and also through venturis. Flowchart 3.1 
illustrates the lay-out of the experimental facility. 
3.3 Data Recording 
An analogue to digital data conversion board with 8 channels is interfaced with an IBM- 
486 compatible digital computer for data collection. This acquisition system records the 
gamma ray attenuation, liquid and gas flow rates and the temperatures at different 
positions of the gamma densitometer using Thurning-Uffel software. The power 
supplied to the heaters for the steam/water system is controlled by an auto -transformer 
and recorded from the control panel. 
3.4 Error Analysis 
The accuracy of the liquid flow meter is within 1% of full scale and for the gas flow 
meter is within 0.5% (measurement) and 0.1% (full scale). In this study the most 
Flowchart 3.1 Experimental procedure of the present study. 
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important variable is the void fraction, which is deten-nined as follows: 100 detectors are 
available to measure the average void fraction at a given axial position as shown in Fig. 
3.9. The results of these detectors are integrated by the software to provide a value for 
the instantaneous mean void fraction over the cross section in question. To achieve 
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reliable results of void fraction for each data point at different times, several matrices of 
data were collected to calculate the time averaged void fraction. To check the accuracy 
of the void fraction measurements, and to provide an independent calibration, data were 
collected for the empty and full pipe. These results showed that the mean average error 
was 1.3%. A confirmatory experiment has been carried out to evaluate the accuracy of 
the averaging of the void fraction by using the gamma probe as follows. An 8 mm 
diameter glass rod was inserted at different cross-sectional positions and the attenuation 
measured. These point to point results were found to be within a variation of 3%, which 
is regarded as satisfactorily consistent. The gamma probe has also been calibrated at 
various locations in the venturi, as shown in Fig. 3.6, to allow measurements of the two- 
phase flow through the constriction. The wall thickness of the venturi at each relevant 
point was measured since this has to be implemented in the calibration program. The 
gamma probe was calibrated by measurements at the required locations with the venturi 
both empty and full of liquid, exactly as was done for the straight pipe. These void 
fraction results were within an average error of 1.5%. A one minute sampling time was 
used for all data; this brought the average deviations from the known steady state values 
within 1.0 %. 
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This chapter presents the experimental results for air/water and steam/water flows which 
provide the basis for the further discussion and analysis. It starts with air/water in 
upward vertical direction, showing the results at ambient and elevated temperature. This 
is accompanied by a study of spatial development of the flow and liquid velocity 
measurement along the pipe. The horizontal air/water results come afterwards in 
comparison with the vertical results. The next part of this chapter is concerned with the 
study of void fraction through a vertical venturi. This chapter ends with the presentation 
of steam/water with a phenomenological comparison with the air/water experimental 
data. 
4.1 Void Fraction in Upward Vertical Air/Water Flow 
4.1.1 Void Fraction at Ambient Temperature 
The variation of void fraction with respect to the inlet gas flow rate in vertical upflow at 
room temperature is illustrated in Fig. 4.1. The figure shows data for various fixed 
water flow rates taken at a point thirty-five diameters from the inlet air sparger. As 
might be expected, the results confirm that the void faction rises sharply as liquid flow 
rate decreases. Changes in the slope for liquid flow rates below 21.5 lit/min (UL - 0-8 
ms- I) correspond to perhaps the change of the flow pattern from bubbly to slug flow, 
while at the higher liquid flow rates this transition was not reached. 
Fig 4.2 shows the influence of liquid flow rate on the void faction at several constant 
inlet gas flow rates. It is obvious that because of the exponential shape of the variation 
of void fraction with liquid flow rate, it is obviously impossible to reach the two limits, 
i. e. void fractions of 0 and 1, for the lowest and highest liquid flow rates, especially at 
higher gas flow rates. The results are consistent with the data reported by Serizawa et 
al. (1975). They showed that in bubbly flow, the bubble size decreases as the liquid 
velocity increases, so less space is available for the gas phase leading to lower value of 
void fraction at a given gas flow rate. 
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For the processing of the experimental results at ambient temperature, it is more 
meaningful to plot the data as a function of the inlet volumetric flow ratio, which is 
defined as: 
p= 
QG 
QG +QL 
[4.1] 
In this equation QG andQLare the inlet gas and liquid volume flow rates, respectively. 
From now on, the term (P) is defined as the inlet volumetric flow ratio at ambient 
temperature. However at higher temperatures, when vapour pressure is significant and 
the air bubbles are partially saturated with the local vapour pressure, a modified form is 
needed which will be defined later in this chapter. Fig 4.3 illustrates the effect of the 
inlet volumetric flow ratio on void fraction at ambient temperature. It can be seen from 
this figure in the range 0.02<P<0.3 with the data spread around a straight line, U<0.35, 
which is the bubbly flow regime. 
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4.1.1.1 Effect of Bubble Size on the Void Fraction in Vertical Flow 
Many attempts have been made within the past decades to develop correlations for void 
fraction. In most of them, the proposed correlation is independent of bubble size 
(Bankoff, 1960; Zuber and Findlay, 1965). However, Sekoghchi et al. (1987) and Liu 
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(199-3 )) have reported that there is a strong dependence of the phase distribution and 
bubble frequency on bubble size in concentrated bubbly flow. In Fig. 4.4 the effect of 
constant inlet volumetric flow ratio on the void fraction is plotted for various liquid and 
gas flow rates. The data in this figure have been taken from Fig. 4.3. The inlet 
volumetric flow ratio is also constant, however at different values of liquid and gas flow 
rates. It is obvious from the figure that despite the constant value of the inlet flow ratio 
P, the void fraction changes dramatically at higher liquid and gas flow rates. It is 
sufficient to note that the visual observations of the flow at constant P (i. e. increasing 
both QG andQL) show that the diameter of bubbles reduces while the bubble frequency 
increases when flow rates increase. Smaller bubbles will rise less quickly, slip velocity 
is reduced and so the void fraction can be expected to rise. It appears that the influence 
of bubble size on void fraction should be taken into account when correlating void 
fraction in bubbly floýv, however further study is necessary before firm conclusions can 
be drawn on this point. 
Figure 4.4 Effect of change of gas and liquid flow rates on void fraction at two constant inlet volumetric 
flow ratios. 
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4.1.2 Effect of Elevated Temperature on the Void Fraction 
It has already been said that the various investigations on the effect of temperature on 
void fraction do not agree. Most of these earlier studies have been done in bubble 
columns, so a complementary set of experiments has been carried out for flowing 
air/water mixtures. The present work includes data that cover a range of increasing 
partial vapour pressure as the system approaches its boiling point. The vapour pressure 
shows its effect in the form of bubble growth at higher temperatures. Apart from this, 
the second effect at higher temperature is bubble coalescence. Because of its 
importance at higher temperatures it is appropriate to discuss bubble coalescence at this 
stage. The coalescence of a pair of bubbles occurs essentially in two stages: (i) the 
draining of the intervening film of the continuous phase liquid down to a critical 
thickness (ii) the rupture of the remaining film. An increased temperature leads to a 
lowering of surface tension and viscosity together with a dramatic increase in vapour 
pressure. Any effect leading to evaporation of the liquid film between the bubbles will 
lead to the rapid growth and therefore bubble coalescence, particularly near to the 
boiling point. 
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The effect of inlet volumetric flow ratio (P) on the void fraction at different 
temperatures is depicted in Figs. 4.5 and 4.6 for low and high liquid flow rates, 
respectively. It is obvious that rising temperature causes void fraction to increase, 
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especially between 90 and 95 'C. It should be pointed out that changes in void fraction 
at higher liquid flow rates with a given gas flow rate are considerably higher than at 
lower liquid flow rates, particularly at higher temperatures. A comparison between 
Figs. 4.5 and 4.6 shows the significant effect of temperature at any flow rate. 
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Fig. 4.7 illustrates the variation of void fraction as a function of temperature at 
approximately constant inlet volumetric flow ratio for 6.65 lit/min liquid flow rate. At 
first, the void fraction increases but only marginally until a substantial rise at about 60 
occurs. It can also be seen that the variation of void fraction is more pronounced 
near the boiling point. The significant change in void fraction with temperature may 
result in a change in the flow regime. A comparison of the variation of void fraction at 
temperatures of 24 OC and 95 T reveals that there is a difference between the 
dependence of void fraction on the inlet volumetric flow ratio at ambient and elevated 
temperatures. Of the parameters, which may influence this phenomenon, one of the 
most important is the liquid vapour pressure. Table 4.1 gives the physical properties of 
water and air at different temperatures, which shows the significant variation of vapour 
pressure, especially near to the boiling point. 
Table 4.1 Physical properties of air/water at different temperature. 
Temperature 
(0c) 
PG 
(k gM-3) 
10' ýtG 
(mPa. s) 
PL 
(kgm -3) 
K 
(mPa. s) 
Pv 
(105 Pa) 
cy 
(Nm-1) 
25 1.185 1.833 998.23 0.894 0.0313 79.96 
95 0.962 2.163 960.96 0.295 0.8813 60.51 
The above results have been presented as a function of inlet volumetric flow ratio. 
Nevertheless a modified value of P should be used since the injected bubbles will 
increase in volume as they quickly saturate with water vapour at the operating 
temperature, (a 3 mm bubble reaches 95% saturation within about I second of exposure 
to hot water). Therefore, it is logical and convenient to define a modified volumetric 
flow ratio as: 
* QG 
QG i+ QL 
in which: 
(p,, + pgh) 
(pz, +pgh)-pv 
[4.2] 
[4.3] 
Equation [4.2] shows that the modified volumetric flow ratio changes in response to 
vapour pressure and local hydrostatic pressure. In this equation Pa is atmospheric 
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L/D = 35 
System: air/water 
pressure, p, vapour pressure, g the gravitational acceleration, h the local submergence 
below the free surface of the measurement point and p the liquid density. Substitution 
of equation [4.3] into [4.2] yields: 
* 
(I) 
ý P) 
i 
+(i-1) 
Effect of Elevated Temperature on the Void Fraction 
[4.4] 
It is apparent that at ambient temperature (i -- 1) the modified volumetric flow ratio 
(P) reduces to the ordinary P. The influence of temperature on the modified inlet gas 
flow rate required to achieve a given void fraction is shown in Fig. 4.8. This figure 
highlights that the inlet gas flow rate required to achieve a void fraction of 0.15, 
decreases from 1.52 lit/min to 0.4 lit/min for a temperature change from 20 T to 90 OC, 
while the modified gas flow rate, including the effect of vapour pressure at the operating 
temperature is almost constant. This figure also indicates that at higher temperature, 
especially near the boiling point, the ordinary volumetric flow ratio definition does not 
reflect the actual volume of the gas flow rate at different temperatures. 
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The experimental data shown in Fig. 4.8 are measured with the lowest possible 
fluctuation as illustrated in Fig 4.9. Experiments at higher temperature show that a 
small change in operational parameters may substantially change the void fraction at 
elevated temperatures, particularly near to the boiling point. Of these parameters are gas 
flow rate,, temperature at a given axial position of the tube. Therefore it is important to 
obtain the data at lowest fluctuation. Fig. 4.9 corresponds to the data which are shown in 
Fig 4.8. 
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Malayeri et al. (1998) studied the effect of liquid flow rate on the void fraction and 
experimentally showed that in vertical flow at ambient temperature with a constant inlet 
gas flow rate the void fraction decreases as the liquid flow rate goes up. Fig. 4.10 
illustrates the effect of temperature on the void fraction as a function of liquid flow rate 
at constant inlet gas flow rate. Void fraction varies remarkably at ambient temperature, 
while at 95 OC variation of void fraction with liquid flow rate is small as the void 
fraction is about 0.75 and hence in the chum flow regime. It therefore can be concluded 
that the liquid flow rate influences the void fraction at low temperatures. However, at 
high temperatures the contribution of water vapour is the main parameter which changes 
the initial gas flow rate from 8 lit/min (at 15 OC) to 45 lit/min (at 95 OC). The bubble 
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growth/coalescence occurring at higher operating temperatures can minimise the effect 
of liquid flow rate and change the flow regime. 
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4.1.3 Void Fraction at Different Axial Positions 
A set of experiments has been undertaken to investigate the importance of vapour 
pressure on the void fraction and also to discern how quickly air bubbles will be 
saturated with the hot water at different axial positions or in other words, the bubble 
dynamics. Great care has been taken to generate bubbles with diameters as small as 
possible at very low void fraction (E; =0.02) and at high liquid flow rate to avoid bubble 
coalescence which may occur at lower liquid and higher gas flow rates. Accordingly a 
single metal tube with 1.2 mm inside diameter replaced the former porous gas sparger. 
The generated bubbles were within the range of 2.0 - 3.0 mm. More experimental data 
were collected within a range of 90 OC to 98 OC, due to the importance of vapour 
pressure near to the boiling point. 
Fig. 4.11 represents the variation of void fraction as a function of temperature at two 
different axial positions. It can be seen that void fraction changes slightly up to 60 OC 
and increases monotonically thereafter. The results are consistent with those shown in 
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Fig. 4.7. When the comparison of the void fraction is made at different axial position, 
there is a slightly lower void fraction at the point L/D = 45 at lower temperature. 
Contrariwise, there is a higher void fraction at the point L/D =45 at higher temperatures, 
particularly above 90 OC. These results imply that i) as expected, bubbles contain more 
vapour at higher temperatures and ii) the significant change of void fraction at L/D = 45 
compared to the L/D = 17, is because of a further increase in bubble size as a result of 
approaching saturation as well as lower pressure level at L/D = 45. This figure also 
demonstrates that the volume fraction of the gas phase in the test section can be changed 
7 times with respect to its initial volume as the temperature changes from 17 T to 98 
OC. 
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Figure 4.11 Comparison of the void fraction at different axial positions as a function of temperature. 
4.1.4 Effect of Temperature on the Development of Flow Structure 
Although the primary intention of this work was to consider the characteristics of void 
fraction, consideration of the spatial evolution of the flow structure at different 
temperatures is also of interest. Grover et al. (1986) reported that in bubble columns, 
increasing temperature leads to a decrease in the gas velocity at which the flow regime 
changes from bubbly to slug flow. This can only be a result of bubble growth and/or 
coalescence. Saxena et al. (1992) observed that as the temperature goes up, the bubble 
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size increases. This effect is attributed to the influence of vapour pressure near the 
boiling point. On the contrary, Renjun et al. (1988) found that bubble size is smaller at 
elevated temperatures. It can be concluded that with fixed flow conditions, the effect of 
temperature is the key parameter describing bubble size and shape and consequently the 
spatial evolution of the flow structure. The results which were recorded using the high 
speed video camera are presented in this section. 
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Figure 4.12 Spatial evolution of the flow structure at different gas flow rates and at room temperature. 
Fig. 4.12 shows the recorded images of flow structure at two different positions with 
respect to the variation of gas flow rate at ambient temperature. It is obvious from this 
figure that i) not only bubble size, but the tendency of the bubbles to cluster increases as 
the cyas flow rate rises, ii) the change of bubble shape from spherical to ellipsoidal shape 
and subsequently distorted shape, which is one of the most important parameters in the 
process of bubble coalescence, becomes more and more distinct as either gas flow rate 
increases or liquid flow rate decreases, iii) smaller bubbles as well as bubbles which are 
flowing downwards in the liquid film around the large bubbles enter into the wake of 
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the large bubbles as a result of a predominant updraft force and, v) big bubbles tend to 
move in the centre of the pipe. Tomiyama et al. (1998) and Zun et al. (1993) showed 
that the presence of shear-induced turbulence near the wake of large bubbles is the main 
cause of the clustering of the smaller bubbles. It should also be noted that the cluster of 
bubbles at L/D = 17 is likely to develop into a Taylor bubble at L/D = 45, as a result of 
the coalescence of many of the bubbles in the cluster. The coalescence of bubbles and 
formation of a larger cluster or a Taylor bubble are generally seen at different gas flow 
rates, but typically take place at lower L/D as the gas flow rate rises. Fig. 4.12 also 
implies that in spite of the almost constant void fraction at low temperature (Fig. 4.11) 
the structure of the flow is entirely different at the different axial positions. More 
photographs of the bubble shape can be found in Appendix B. 
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Figure 4.13 Spatial evolution of the flow structure at different temperatures. 
Fig. 4.1 33 shows the effect of temperature on the void fraction at a given liquid flow rate 
and different axial positions. The highest possible liquid flow rate has been taken to 
minimise the effect of initial bubble coalescence at the entrance. From 17 
OC to 60 OC 
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the variation of bubble size is small, but it becomes more and more distinct between 90 
OC and 95 T. A comparison of the bubble shape at different positions also shows that 
the bubbles become saturated at higher position in flow direction, as indicated the by the 
increase in size. This distinctive behaviour is more dominant at 95 T. On the contrary, 
the variation of bubble size is much smaller at lower temperature, due to the limited 
effect of vapour pressure. The interesting result is that the bubble clustering seen in Fig. 
4.12 was not observed at higher temperatures. This can be related to the partial 
saturation of air bubbles with water vapour. Since the air bubbles have been saturated at 
higher temperatures, the resistance of the interface between the phases becomes weaker 
while this resistance is stronger for pure air bubbles at lower temperatures. More 
evidence for the spatial development of the bubbles can be found in Appendix B. 
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Figure 4.14 Schematic diagram of bubble shape and size at ambient and high temperatures. 
The bubble shape evolution at different axial positions is schematically illustrated in 
Fig. 4.14 at ambient and elevated temperatures. There is a small increase in bubble size 
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the higher axial position and a change in bubble structure from spherical to ellipsoidal 
shape at ambient temperature. Bubbles also tend to move as a cluster of distorted 
bubbles. While at high temperature the air bubbles are partially saturated and as a result 
of this bubble size changes rapidly as well as its shape. It is also observed that bubble 
clustering declines and instead coalescence of big ellipsoidal bubbles in a cluster with 
low population of bubbles. These observations at higher temperature, particularly near 
to the boiling point, are comparatively similar to the evolution of steam bubbles in 
steam/water flow. 
Fig. 4.15 shows the quantitative variation of mean area-based bubble diameter with 
temperature at different axial positions corresponding to the experimental runs, which 
were shown in Fig. 4.13. This figure also contains the minimum and maximum range of 
bubble sizes as well as the schematic bubble shape at a specified temperature. The 
biggest bubbles are significantly larger in the range from 90 OC to 95 OC than at lower 
temperatures. The size range is also wider and so depends on the operating temperature. 
The significance of the saturation process becomes more evident when different axial 
positions are compared. 
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Figure 4.15 Mean, minimum and maximum bubble size as a function of temperature. 
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Two factors influence the growth of air bubbles in an upward flow of hot water: the fast 
but not instantaneous saturation of the gas phase with water vapour and the probability 
of coalescence within clusters of small bubbles. Observation suggests that bubble 
clusters are more stable at lower temperatures, so that larger bubbles occur naturally in 
hotter conditions. In considering the data of Fig. 4.11 we observe at 95 OC that the void 
fraction increases from 13% to 16% in moving from L/D = 17 to 45. This increase in 
volume may well reflect the final stages of saturation of relatively large bubbles. 
However, the photographs of Fig. 4.13 suggest that the individual bubble volumes may 
have increased as much as fourfold over this same distance. It seems very likely that 
saturation has had less influence on the size of these large bubbles than enhanced 
coalescence at high temperature. Certainly the changes at lower temperature, also 
shown in Fig. 4.1 3 3, are not as spectacular. 
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Figure 4.16 Effect of temperature on the spatial flow structure at constant void fraction. 
In addition to the above observations in which the liquid and inlet gas flow rates were 
kept constant, a set of experiments has also been undertaken, to establish the variability 
of bubble size at constant void fraction. Void fraction was maintained at a specified 
value by adjusting the flow rate of inlet gas at the appropriate temperature. Fig. 4.16 
shows pictures of bubbles for various temperatures and a given constant void fraction 
r- 
Total dispersed phase flow rate = 2.80 lit/min 
Liquid flow rate = 35 lit/min 
0 
a 
IL IIIII.. 1 .11111 
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(more results are shown in Appendix C). It is evident that the bubble shape and size are 
remarkably different at the various temperatures. At low temperatures the bubbles tend 
to move as a cluster and are significantly larger, while this is less so at elevated 
temperatures. The same results were also obtained as the experiment was repeated with 
different liquid and gas flow rates. These observations are potentially important for the 
processes in stirred vessels where parameters such as relative power demand (RPD) is 
dependent on the shape and size of bubbles at elevated temperatures. 
4.1.5 Bubble Dynamics 
It is evident from Fig. 4.13 that the small bubbles introduced into the pipe saturate and 
grow rapidly but not instantaneously. Therefore it is rather important to determine how 
quickly air bubbles saturate with the vapour water. This can be done by considering a 
simple analysis in which a single bubble with initially 2 mm diameter is considered to 
be in saturated water. The internal circulation is ignored, which is valid for small 
bubbles. As a result of this the mass transfer is controlled by molecular diffusion. It is 
also assumed that the internal pressure in the bubble does not change as it expands and 
that the water is kept at its boiling point so that the driving force for mass transfer is 
given by the difference between the local vapour pressure around the bubble and the 
partial pressure inside the bubble. Further to these assumptions, the resistance to heat 
transfer on the liquid phase is assumed to be marginal. With these assumptions, the 
internal Sherwood number can be considered to be of a value of 6.6 for diffusion into a 
stagnant sphere. The variation of bubble size, based on these assumptions, as a function 
of time is illustrated in Fig. 4.17. It can be seen that a bubble with initial size of 1.5 mm 
is increased to 5 mm within I second. However the rate of change in bubble size 
decreases as the initial size increases (for instance for a bubble with the initial size of 
3.2 mm). The results are comparatively consistent with the results shown in Figs. 4.13 3 
and 4.15. Table 4.2 presents the quantitative results for the data which are shown in Fig. 
4.15. The homogenous velocity between the two phases is assumed to be the superficial 
gas velocity (0.022 m/s) is much lower than the liquid velocity (1.26 M/s). This 
assumption seems to be questionable for flow with big bubbles, however this will be 
discussed in chapter 5 in more detail. Considering the two axial positions along the 
pipe, it can be calculated that it takes 0.31 sec for the air bubbles to travel between these 
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points. The change in average bubble size varies from 3% at ambient temperature to 
95% at 95 T. 
Table 4.2 Changes in minimum, average and maximum bubble size corresponding to 
the data shown in Fig. 4.15. 
Temperature ('C) 
Changes in average size compared 
to the initial size (%) 
Minimum and maximum 
bubbles size (mm) 
14 3 1.7-5.5 
60 16 1.9-7 
90 66 2-12 
95 95 2-23 
0.2 0.3 mm 
0.1 111... 6 
0.001 0.003 
Bubble Dynamics 
I.,... j 
0.01 0.03 0.1 0.3 13 10 
Elapsed time [ sec ] 
Figure 4.17 Changes in bubble size in boiling water. 
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4.1.6 Laser Doppler Velocitometer Measurement 
Figs. 4.12 to 4.16 illustrated the characteristics of flow structure at ambient and elevated 
temperatures in which the flow structure is shown to be different even at a given void 
fraction and different temperatures (Fig. 4.16). Further to this, it might be of interest to 
consider LDV measurement in characterising the flow structure of the two-phase in 
more details. 
The mechanism and reliability of LDV measurement in two-phase flow was briefly 
described in chapter 3. A preliminary experiment was carried to discern the optimum 
amount of fine particles that has to be used to avoid neither of interfering the output 
signals (excess particles), nor lack of necessary signals for data processing (less 
particles). There is no method of calculating the optimal dose of particle in advance, 
therefore this has to be done experimentally. 
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Figure4.18 Local liquid velocity of liquid single phase as a function of r/R ratio. 
1 
The experiments start with local velocity measurement for the liquid single phase, prior 
to two-phase flow measurement. This is, in fact, an experiment to confirm the 
reliability of the experimental results in relation to the superficial liquid velocity (Q, /A). 
Fig. 4.18 demonstrates the variation of local liquid velocity for liquid single phase as a 
function of (r/R) ratio, in which r is distance from the centre of the tube divided by R, 
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the pipe radius. As expected, there is a low liquid velocity near to the wall with a sharp 
increase near to the centre of the tube. A comparison of the superficial liquid velocity 
with the average experimental results at different positions at a specified cross section 
of the tube shows an error of 1.1 percent. All data have been collected Im above the 
gas sparger (L/D=40). 
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Figure 4.19 Effect of gas flow rate on the local liquid velocity. 
The effect of gas flow rate on the local liquid velocity and comparison of single phase 
and two-phase flow are shown in Fig 4.19. It is evident that injection of gas into the 
tube, leads to a similar trend as that obtained for the single phase. Moreover, an 
increase in gas flow rate promotes the local liquid velocity, predominantly near the 
centre of the tube. However increase in the local liquid velocity is less than 8%, for 
changes in gas flow rate from 0 to I lit/min. Fig 4.20 represents the effect of 
temperature on the local liquid velocity where the inlet liquid flow rate and void fraction 
are kept constant, while the inlet gas flow rate and temperature change. Again changes 
in local liquid velocity are not significant near the wall, nevertheless the increase in 
local liquid velocity becomes dominant nearer the centre or at higher temperatures close 
to the boiling point. The results are confirmed by repeating the experiment for other 
values of constant void fraction. 
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Figure 4.20 Effect of temperature on the local liquid velocity at a given void fraction. 
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4.2 Void Fraction in Horizontal Flow 
The dependence of void fraction in horizontal flow on the gas flow rate for several 
liquid flow rates is shown in Fig. 4.2 1. With a fixed gas flow rate it can be seen that 
void fraction decreases as liquid flow rate increases. The fluctuation of void fraction 
with respect to the inlet gas flow rate is significant at a lower liquid flow rate owing to 
the generation of big bubbles which leads to increasing segregation of the phases. The 
experimental data are also more linear at higher liquid flow rates. Fig. 4.22 shows the 
dependence of void fraction on liquid flow rate. The change in void fraction is more 
linear in horizontal flow than in vertical flow. This is probably as a result of the larger 
effects of buoyancy forces in horizontal flow which tend to propel bubbles towards the 
top of the tube, leading to faster bubble agglomeration than in vertical upflow. 
Considering the effect of temperature on the void fraction, the observations have 
confirmed that this effect is more pronounced at higher liquid flow rate and smaller gas 
flow rate. A typical illustration of this is Fig. 4.23. It can be seen that at a liquid flow 
rate of 22.3 lit/min (UL":::::::: 0.8 m/s), the void fraction increases about sixfold between 15 
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T and 95 T, while this variation would be tenfold at 34.3 lit/min (UL ý 1.24 m/s). At 
15 T the flow regime corresponds to bubbly flow, for which it has earlier been pointed 
out that void fraction decreases as liquid flow rate rises. At 95 OC the effect of gas flow 
rate is considerably greater than that of the liquid flow rate because of the influence of 
the high vapour pressure; as a result of this the flow regime is changed to a 
wavy/stratified flow. 
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Figure 4.21 Void fraction as a function of gas flow rate at ambient temperature in horizontal flow. 
An alternative illustration of this effect is as follows. It was shown earlier that in 
vertical flows at ambient temperature with a constant inlet gas flow rate the void 
fraction decreases as the liquid flow rate goes up (Figs. 4.2 and 4.10). Fig. 4.24 shows 
the effect of liquid flow rate on the void fraction in horizontal flow at constant inlet gas 
flow rate. Void fraction varies strongly at ambient temperature, while at 95 OC variation 
of void fraction with liquid flow rate is negligible as the void fraction is about 0.78, (in 
the wavy flow regime). 
This can be related to the fact that the most important parameter at low temperatures is 
the liquid flow rate. However, at high temperatures the contribution of water vapour is 
the parameter which changes the initial gas flow rate from 8 lit/min (at 15 'C) to 45 
lit/min (at 95 OC). Therefore, bubble growth and coalescence associated with higher 
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operating temperatures can minimise the effect of liquid flow rate and change the flow 
regime. 
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Figure 4.22 Effect of liquid flow rate on void fraction at different inlet gas flow rates. 
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4.2.1 Variability of the Void Fraction Measurements 
The transition from a specified flow regime to another can be identified with a gamma 
densitometer. In order to do this, the measurements of the instantaneous void fraction 
taken at different times have to be reliable. In bubbly flow because of the approximate 
uniformity of bubble size, void fraction cannot be independently varied, but it changes 
substantially as the flow pattern changes to slug or wavy flow when large bubbles 
develop across the pipe section. The results of a sequence of experiments at 0.01 sec of 
sampling time, fixed inlet air and water rates (P=0.067) and different temperature are 
shown in Fig. 4.25. This figure is also intended to demonstrate the effect of growing 
bubble size on the reproducibility of the void fraction even in a specified flow regime 
such as bubbly flow. The details are also summarised in table 4.3. 
Table 4.3 The statistical void fraction results for different temperatures. 
Symbol Temperature ('Q Number of data (x (average) ±cc 
18 14 0.040 0.006 
45 12 0.057 0.005 
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Figure 4.25 Effect of temperature on the variability of the void fraction measurement. 
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It is apparent that there is a significant influence of temperature, which increases the 
void fraction from 0.04 to 0.18. Moreover there is a remarkable gap when the 
temperature is raised from 75 T to 90 OC. The reproducibility of the measured void 
fraction also deteriorates as the temperature goes up. This variability is closely related 
to bubble growth/coalescence and the generation of bigger and unstable bubbles at 
higher temperature, giving rise to a change in flow regime. 
4.3 Effect of Constrictions on the Hydrodynamics of Air/Water 
Constricting devices such as venturis are widely used in flow rate and pressure drop 
measurements. Despite their importance, sufficient experimental results are not 
available in the open literature (Lin, 1994). As far as the aims of this study are 
concerned, it has also been said before that the differences between air/water and 
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steam/water flows could be most evident in the changing flow past obstructions or 
through constrictions. A venturi nozzle described in chapter 3 can be mounted in either 
the vertical or horizontal test section. The basic principle underlying the flow behaviour 
through venturi nozzles are an increase in the velocity of the flow, as well as a decrease 
in the pressure of the flow under consideration. The local pressure changes will also 
cause phase change in the steam/water system, so called flashing phenomenon. 
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Figure 4.26 Effect of liquid flow rate on void fraction at constant gas flow rate at ambient temperature. 
Fig. 4.26 shows how the local void fraction changes as the mixture flows through a 
vertical venturi. There is a maximum voidage at the throat in stagnant conditions, with 
a dramatic change to a minimum when there is an upward liquid flow. In order to 
explain the results some consideration of slip velocity between the phases is essential. 
In a slow downflow the void fraction at the venturi throat will always be higher than 
that in the approaching tube. With a liquid downward velocity slowly increasing from 
rest, stationary bubbles will eventually accumulate at the throat. The opposite result 
will be true for upflow, as bubbles will always tend to rise relative to the liquid phase. 
At the throat of the venturi bubbles, which are usually of between one and three mm in 
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diameter, tend to coalesce because of significant wall effects in a throat of 10 mm 
diameter. As a result of this coalescence, the relative velocity ratio between the phases 
(Ur) gradually becomes more significant, leading to a minimum void fraction at the 
throat. Bubble coalescence at the throat point is inevitable due to the wall effects. 
Moissis and Radovcich (1964) observed a change in flow regime from bubbly to slug 
flow through a venturi tube with 5 cm diameter at the inlet and 2.23 cm at the throat. 
They also found that the effect of slip velocity is more dominant than that of pressure 
drop at the throat, leading to a decrease in void fraction (Thang and Davis, 1979). 
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Figure 4.27 Effect of liquid flow rate on the void fraction through venturi. 
1 
Fig. 4.27 illustrates the effect changes in liquid flow rate on the behaviour of the void 
fraction through a venturi. The trend of having of a minimum point is repeated for all 
curves. This figure also leads us to conclude that the proportional variation of void 
fraction is greater at higher liquid flow rates. Fig. 4.28 shows the impact of the different 
gas flow rates as flow passes through the venturi. The relative changes in void fraction 
are almost the same at the various gas flow rates. 
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Figure 4.28 Variation of void fraction through venturi at various gas flow rates. 
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The effect of temperature on the variation of void fraction for a fixed inlet flow ratio in 
the vertical venturi is depicted in Fig. 4.29. In this figure, void fraction rises at constant 
inlet gas and liquid flow rates as the temperature increases. These observations are very 
similar to those in a straight pipe. It is interesting that the minimum point at higher 
temperature is considerably deeper than that at lower temperature. One explanation for 
this might lie in a change in flow regime because of bubble growth and coalescence at 
higher temperatures. Visual observation has confirmed that, alongside the vapour 
pressure effect on the gas phase volume, bubble size is a strong function of temperature. 
Bubbles tend to become larger and perhaps coalesce together (particularly in the tubes 
with small diameters due to the wall effect) as temperature increases and consequently 
bubbly flow can change to the slug flow at the venturi throat. The variation of void 
fraction through the venturi may again provisionally be attributed to the change in the 
relative velocity between the phases and bubble coalescence owing to the wall effect at 
the throat. It is also interesting to note that increase and decrease at the outlet of the 
venturi become less and changes to an asymptotic line to a certain value of the void 
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fraction. This can be explained by consideration of rapid expansion of bubble, because 
depressurisation of the flow in the outlet, particularly near to the boiling point. 
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Figure 4.29 Variation of void fraction through venturi at different temperature. 
4.4 Steam/Water System 
Steam/water experiments have been conducted in both horizontal and vertical flows to 
provide quantitative comparisons with the air/water data. Steam/water experiments are 
obviously more difficult than those in an air/water system with the instability of steam 
bubbles causing difficulties in obtaining reliable data. The first step in dealing with the 
comparison between the two systems is to measure void fraction. The circulating water 
is maintained at boiling point by a controlled immersion heater in the supply tank. 
Steam bubbles are generated on the surface of secondary local heater at the entrance of 
either of the measuring sections. The role of the secondary heater is to provide a degree 
of superheat for the liquid which enters to the measuring section. Therefore most steam 
bubbles are generated as a result of a decrease in pressure at the point of which water 
reaches its boiling point, particularly near the top of the tube. It is also observed that 
only at lower liquid flow rates, vapour bubbles are produced on the surface of the 
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secondary heater and this does not occur at higher liquid flow rates. All data have been 
taken at steady state conditions keeping temperature and flow constant. The liquid flow 
rate was measured upstream of the test section. It is also more convenient to refer to the 
liquid flow rate as the total flow rate, since a proportion of this liquid will be converted 
into steam and provides the vapour component of the two-phase flow. 
Fig. 4.30 shows how the void fraction changes as a function of the local heat load. It 
can be seen that there is considerable hysteresis between increasing and decreasing the 
local heat supply, leading to different values for the measured void fraction at the same 
value of the heating rate. Such boiling hysteresis is a common feature of increasing and 
decreasing heat loads due to different rates of bubble nucleation and generation on the 
heating surfaces as the heat load is increasing or decreasing. Accordingly, all the 
present experiments have been carried out, going from a high to low local heat loading. 
It has been found experimentally that the system is more stable and that this procedure 
also prevented subcooling of the bulk liquid below saturation temperature. 
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Figure 4.30 Variation of void fraction as a function of heat load in steam/water in vertical flow. 
The effect of local heat load on the void fraction is illustrated in Fig. 4.31 for different 
total flow rates in vertical flow. Void fraction is higher at a lower total flow rate at 
constant local heat supply. It was also observed that bubble coalescence in the 
steam/water system takes place within a very short distance from the heater with a 
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subsequent rapid bubble collapse as a result of the high rate of heat and mass transfer 
between the phases during condensation, particularly at higher total mass flow rate. It is 
also evident from this figure that the nucleation of steam bubbles happens at higher heat 
loads as a results of higher degree of superheating. In other words, even in well-isolated 
tubes to be at saturated temperature does not simply mean that nucleation will happen as 
soon as the pressure is low enough. Therefore in vertical flows, the generation of 
vapour bubbles is a strong function of the degree of superheat. In air/water flows on the 
other hand, bubble growth and coalescence occur at much greater distances from the gas 
sparger and there is of course no subsequent bubble collapse as a result of condensation 
(note that the secondary heater has not been used in air/water experiment at higher 
temperatures). 
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Figure 4.31 Effect of heat load on the void fraction at different total flow rates. 
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The variation of void fraction in steam/water flow, as a function of the downstream 
distance, L/D, is illustrated in Fig. 4.32 which relates to different heat loads at a given 
total flow rates in vertical flow. It can be seen from this figure that void fraction 
increases as downstream length increases. This trend may be explained by the 
considerable vapour bubble generation near the top of the tube where the pressure 
continuously drops. On the other hand, steam bubbles are generated nearer to the 
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bottom of the tube as higher heat loads. As mentioned before this effect is consistent 
with the reduction of liquid flow rates as a result of change in local pressure at different 
liquid flow rates. Vapour bubble generation near the bottom of the tube is more 
probable at lower liquid flow rates. As heat load increases the point at which the 
nucleation might happen is much closer to the bottom of the tube. Fig. 4.33 illustrates 
the nucleation curve at a given flow rate and different heat loads corresponding to the 
data which are shown in Fig. 4.32. It is apparent that at lower heating rates, nucleation 
of vapour bubble occurs at higher values of L/D. The results shown in this section will 
then be compared with the theoretical model in the next chapter (section 5.2) based on 
the assumption that vapour bubbles are produced as a result of degree of superheat 
which they have at the bottom of the tube and pressure drop along the pipe. Another 
parameter which can intensify the generation of vapour bubbles would be the supply of 
additional heat to this superheated flow causing more vaporisation along the tube. A 
theoretical model which includes the effect of such a heated wall will be presented in 
section 5.1. 
Fig. 4.34 shows the variation of void fraction in horizontal section at a given point, 
downstream the pipe. A similar trend was found to that in vertical flow. The void 
fraction is expected to approach unity as the regime changes to annular flow regime. 
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The air/water and steam/water data will quantitatively be compared in chapter 5 
together with data about the local pressure and temperature along the tube. This cannot 
be done at this stage, because the calculation of quality needs information about the 
local temperature and pressure along the tube. However as promised before, a 
phenomenological comparison can be made between the two systems as they pass 
through a venturi. Fig. 4.335 represents a comparison of the two systems at the same 
flow rate. Air/water results correspond to the data shown in Fig. 4.29 at ambient and 
elevated temperatures. It is evident that the characteristics of flow are utterly distinct in 
the two systems. As stated before, air/water data exhibit a minimum point at the throat 
point, while an abrupt increase in the void fraction can be seen at the throat. The drastic 
increase in the void fraction for steam/water flow is related to the effect of flow 
flashing, in which considerable amount of vapour volume can be produced as a result of 
decrease in pressure. Therefore it can be concluded that the distinctive behaviour of the 
two systems is more evident where the flow passes an obstruction such as a venturi 
throat. 
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Figure 4.35 Comparison of air/water and steam/water two-phase flows pass through a venturi at a 
given liquid flow rate. 
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4.5 Conclusions 
The results presented in this chapter highlight some important features of the effects of 
temperature on void fraction, evolution of the flow structure, and the distinctive 
behaviour of air/water and steam/water systems, which are summarised as follows: 
The effect on the void fraction of increasing vapour pressure at elevated 
temperatures cannot be ignored even at high liquid flow rates. The experimental 
data show substantial influence of temperature, especially above 60 OC. This effect 
becomes dominant near the boiling point. The modified volumetric flow ratio 
(equation [4.4]) adequately includes the effect of vapour pressure on the void 
fraction at higher flow rates. The results also reflect a change in flow regime as 
temperature rises due to a sharp increase of bubble size with temperature. 
The recorded images show that the chance of bubble clustering becomes unlikely at 
higher temperature. This is probably due to weak boundary layer of the partially 
saturated air bubbles leading to rapid bubble coalescence (Figs. 4.12 and 4.13). It is 
also shown experimentally that the change in flow regime is caused by bubble 
coalescence at lower temperature, however it would be affected by growth and 
subsequent coalescence, as the air bubbles saturate at elevated temperatures. This 
phenomenon is more significant at greater downstream distances. 
The most distinctive characteristic of air/water and steam/water was observed at the 
throat of a venturi, in which there is an abrupt increase of the void fraction as a 
result of depressurisation. The magnitude of this depends on the degree of superheat 
in the liquid. 
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This chapter deals with steam/water one-component two-phase flow and presents a new 
one-dimensional theoretical model, aiming to predict average void fraction and pressure 
gradient along a pipe in a vertical heated tube. The following is closely based on the 
model which is developed by Lisseter et al. (1999a), which predicts void fraction and 
pressure drop of saturated water in a vertical unheated tube. These models are called 
simplified models as they are based on the fundamentals of two-phase flows of 
steam/water systems in vertical tubes, simplifying the terms which are negligible in 
compare to the other terms. In the field of two-phase flows, such models are needed as 
they are not only simple in form but are also realistic. Simplified models are also useful 
when sophisticated computing facilities are not readily available. 
The simplification will be done in a rigorous manner based on the asymptotic methods. 
Asymptotic methods based on scale analysis will be used to determine which terms in 
the derived equations are small and may therefore be neglected. The validity of the 
resulting set of equations will then be tested by using them to obtain a simple expression 
for the void fraction and pressure gradient in steady steam/water bubbly flow. 
This chapter starts by developing a set of equations for prediction of void fraction along 
a heated vertical tube for saturated vapour/liquid flows. There is an additional change in 
void fraction in the steam/water case due to evaporation as the pressure decreases along 
the pipe as well as generation of the steam bubbles due to the heat load from the wall. 
This follows with a brief discussion of the prediction of void fraction in an unheated 
tube, but with assumptions that the water is superheated at the bottom of the tube. The 
theoretical results will then be compared with the steam/water experimental data. 
Therefore the common assumption in both cases of heated and unheated tube is that the 
water is superheated at the bottom of the tube, but the difference is the additional heat 
from the wall to the flow. This chapter ends with a comparison of the results in 
air/water and steam/water for heated and unheated tube. 
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5.1 Changes in Void Fraction in Vertical Saturated Vapour/Liquid 
Flows in a Heated Tube 
Steam/water bubbly flow in vertical channels is encountered in many industrial 
applications, particularly in power plants (Houghton, 1961 and Zeitoun et al., 1994). 
This section aims to predict the variation of void fraction due to evaporation as a result 
of combined effect of pressure change and heating the tube. It is also intended to 
compare the results with a model, in which the void fraction will be predicted for an 
unheated tube. 
The model considers saturated vapour/liquid bubbly flows passing up an heated vertical 
tube. In such cases, as the saturated liquid passes along the tube the pressure falls and 
hence so does the boiling point. However, boiling would already occur much closer to 
the bottom of the tube because of the heat load. These two effects together, cause liquid 
to turn into vapour and so the local void fraction increases nearer to the top of the tube, 
as does the velocity of the liquid and vapour mixture. The local void fraction may also 
change due to changes in gas density caused by changes in local pressure and 
temperature. However the contribution of this term is small as the changes in gas 
density are only marginal compared to the terms caused by the local pressure and 
heating the tube. In this section, an expression has been derived showing how the void 
fraction depends on the heat load and the local pressure. However this cannot explicitly 
be solved because in two-phase flows the pressure is in turn dependent on the void 
fraction profile downstream. Thus an expression is posed for the pressure in vertical 
flows and iterate between this and the expression for the void fraction. An explicit 
expression has finally been derived for the void fraction and the pressure as a function 
of distance along the tube. 
The precise situation that we consider is as follows. It is assumed that a flow of 
saturated water enters the bottom of a vertical heated tube as shown in Fig. 5.1. The 
pressure is above atmospheric, and the temperature of the liquid is initially above 100 
OC, but below the boiling point that would correspond to the local pressure. As the 
water travels along the tube the pressure falls and so does the boiling temperature. This 
phenomenon in which liquid turns into the vapour will certainly be intensified by the 
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effect of heat load. As the liquid and vapour mixture moves along the tube both 
temperature and pressure fall further as more liquid evaporates. 
It is also assumed that at all points, once boiling has been initiated the generation of 
vapour maintains the liquid temperature precisely at the boiling point that corresponding 
to the local pressure, i. e. the transfer of enthalpy to latent heat of vaporisation maintains 
the matching of liquid and vapour phase temperatures. Changes in liquid and gas 
densities are considered to be negligible. We assume that the liquid and gas mixture is 
homogenous, which is valid up until the bubbly flow breaks down into churn/annular 
flow (Lisseter et al., 1999b; Zeitoun et al., 1994). 
X=O, P=-Pa 
0 
Q 
x 
Direction 
of flow 
Figure 5.1 Schematic diagram of the 
theoretical model, x (direction), a 
(atmospheric) and 0 (boundary). 
When modelling this situation it would not be useful to start by predicting when boiling 
would occur and taking the void fraction to be zero up until that point. This is because 
we do not know the location at the first boiling point because that pressure is dependent 
on the void fraction distribution downstream, which is unknown at the start of the 
calculation. This problem could be avoided by iterating and integrating values of void 
fraction and pressure up and down the tube. However, this has not been done because 
of the aim to compare the predictions of the void fraction with the air/water models, in 
which the solution was with knowledge of the void fraction and pressure at the end of 
the tube. Thus, this model defines void fraction and pressure at the end of the tube and 
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integrates back down the tube to determine the void and pressure profiles along the tube 
together with the point at which boiling commences. 
The first part of this chapter sets out the nine variables and governing equations that 
make up the new simplified models, which will be solved in the rest of this chapter. 
The solution procedure starts in section 5.1.2, when eight of the equations will be used 
to derive an expression for the local void fraction in terms of the local pressure. It 
follows with the solution of the non-linear, non-homogenous differential equation, 
which is derived from the above equations. The change in the density of the dispersed 
phase (steam) is neglected as it is found (steam tables) that the change is only marginal. 
This equation expresses the local void fraction in terms of the pressure profile 
downstream. Section 5.1.3) considers the pressure expression for vertical flow and 
iterates between it and the expression for the local void fraction in terms of the pressure 
to obtain explicit expressions for the void fraction and pressure in terms of the distance 
from the end of the tube. 
5.1.1 The Nine Variables and Nine Equations 
This section presents the variables and the equations for both cases of heated and 
unheated tube, which follows closely that presented by Lisseter et al. (1999a) and 
Seward (1989). The nine local variables that will appear in the succeeding equations 
throughout this chapter are as follows. The liquid and gas volume fractions are F'L and 
6G. The liquid and gas densities are PL and PG. The liquid and gas velocities are UL and 
uG. The pressure is p, the temperature is T and evaporation rate is F (in kgm-'s-1). Thus 
nine equations are needed to solve for these nine variables. However among these 
variables in the first section of this chapter the changes in gas and liquid densities have 
been ignored (see Appendix D where the Lisseter et al. (1999)'s work is presented in 
more detail). 
The first equation is an approximate equation, expressing the pressure in terms of the 
void fraction. Suitable expressions for the pressure gradient in bubbly flow can be 
obtained from Seward (1989) by adding together the two-fluid momentum equations for 
the liquid and gas phases. The pipe diameter is Dh and 11L is the liquid viscosity. The 
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subscript 'x' represents differentiation with respect to the distance, x. It is measured 
from the downstream end of the tube, where the pressure has the value Pa as illustrated 
in Fig 5.1. Because the distance is taken as being in the opposite direction to the 
direction of flow, the pressure gradients are positive. In vertical flow: 
d2 dp (PL6LUL)+ 
6L 
dx dx UL + PLCL9 +ri 
Where F is the rate of evaporation and -c, is the interfacial ! 5+r*5; S . This 
expression for the pressure gradient is based on two-fluid equation set, with evaporation 
and neglecting terms, which are small, such as the momentum of the gas, and the wall 
friction. 
The second equation is merely: 
2G+2L:::::::: 1 [5.2] 
The third equation relates the pressure to the temperature. It is more convenient to 
consider only the region of flow in which boiling is occurring. Thus the temperature is 
the boiling temperature that corresponds to the pressure. Atkins (1982) stated that the 
addition of energy to a system at its transition temperature is used in driving the 
transition rather than raising the temperature. That is, the system has only one degree of 
freedom, so as the water passes up the tube and its pressure decreases, the temperature 
of the water must track the boiling temperature. 
At the end of the tube, the pressure is atmospheric, Pa, which has the value of 
1.0 1 
-")5 
* 10' Pa at the corresponding temperature, Ta, Of 100 OC. It is also evident from 
tables that when the pressure is 1.2082* 105 Pa then the temperature is 105 OC. Thus the 
linearised equation relating the pressure and temperature is: 
T- Ta- 
=m=2.568 * 10-4 ýK 
Pa-1 [5.3] 
P-Pa 
It should be pointed out that the most realistic relationships between temperature and 
pressure are exponential rather than linear. Nevertheless a linear relationship may be 
assumed because the changes in temperature over which vaporisation is complete are 
small, which helps the simplicity of the following derivation. Eq. [5.3] may also be 
written: 
[5.4] (T - Tý, ) - (mp,, ) p= 26.03 
ý, K 
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where 
P-Pa 
Pa 
The Nine Variables and Nine Equations 
is the dimensionless pressure. Alternatively, it may be written: 
T= m(p + c, K 
where 
c, =2.88*105 Pa 
[5.5a] 
[5.5b] 
This result from steam tables is consistent with the Clapeyron equation. This equation 
gives that the relationship between the vapour pressure and the boiling temperature is 
such that changes in pressure of 0.1 atm result in changes of temperature of 2.5 K. 
The fourth equation expresses how the liquid density changes with temperature and 
pressure. It can be found from steam tables that when the pressure is Pa and the 
temperature is Ta, the liquid density is: 
PLa = 975.85 kg m -3 [5.6] 
When the pressure is 1.208* 105 Pa and the temperature is 105 T then PL7--954.2 kg M-3. 
Thus the linearised equation relating density and saturation pressure is: 
PL - PLa 
P-Pa 
4 
= 1.876 * 10- = M2 [5.7] 
This may also be written: 
PL :::::::: PLa 
where 
I M2Pa 
Iý PLa ) 
1+ 
M2 Pa 
=0.0198=6, 
PLa 
,\ -1 
p [5.8a] 
[5.8b] 
The fifth equation is also obtained from steam tables. It describes how the gas density 
varies with pressure. When the pressure is pa and the temperature is Ta, the gas phase 
density is: 
PGa'-- 0.5978 kg/m 
3 [5.9] 
When the pressure is 1.2082* 105 Pa and the temperature is 105 
OC then PG is 0.7045 
kg/m -3 . 
Thus the linearised equation relating density and pressure is 
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PG - PGa 
"::: M3=5.4 8* 10-6 
P-Pa 
This may also be rewritten as: 
PGP Ga 
I M3Pa 
PGa 
p 
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[5.10] 
I 
in which 
M3Pa 
= 0.929 = PGa I b] 
Alternatively, the ideal gas equation could have been used to calculate the gas density. 
This equation is: 
pV = nRT [5.12] 
where V is the volume of the gas, n is the number of moles of the gas and R is the ideal 
gas constant. For a given bubble, if M is the mass of gas in the bubble, then 
V=M [5.13] 
PG 
Substituting this in [5.12] gives 
Ip nR 
- constant T PG m 
Considering [5.5a] yields: 
IP 
constant 
MI (P + CO Pa 
so 
PG P (Pa +cl) 
PGa Pa (P+cl) 
[5.14] 
[5.15] 
[5.16a] 
Substituting the above values Of PGa, Pa and c, leads to the fact that when p is equal to 
1.2082* 105 Pa then PG has the value 0.6787 kg M-3, compared with the actual value of 
0.7045 kg M-3 . 
Thus we conclude that it is better to use [5.11 a] for pG than the ideal gas 
equation. 
A more accurate equation of state than the ideal gas equation is the Van der Waals 
equation, 
p=nRT(V-nb)-an 
2N2 [5.16b] 
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where a and b are appropriate constants (for water, a=0.554 rn 
6 kgm-1 S-2MOI-2 and 
31 b=-3.05*1V m mol- ). However, under the conditions of the current study. in which 
liquid and gas coexist, this equation exhibits loop iteration which must be removed by 
the Maxwell construction (Atkins, 1982). It is therefore simpler to use [5-11 a] for pG. 
The next equations are related to the rate of evaporation. The sixth equation is the 
equation for conservation of mass of gas. This is: 
F= (APGF-GUG)x [5.17a] 
Where in this equation A is the cross-sectional area of the tube. The seventh equation 
is that of conservation of mass for the liquid phase. It is: 
T =(APLELUL)x- [5.17b] 
The eighth equation gives an expression for F. To derive this, the first law of 
thermodynamics will be used which says that the energy of an isolated system is 
constant. We will consider the energy involved in the various processes going on as the 
liquid and gas mixture flows up the pipe, and then relate the energies by putting the sum 
equal to zero. It will be also assumed that the pipe is well lagged so that no heat is lost 
from the system. 
It has already been noted that the liquid and gas system has only one 'degree of 
freedom' when it is boiling, so that as the flow rises up the pipe and the pressure 
decreases, the temperature of the liquid must also decrease. For a decrease in 
temperature AT, the internal energy of the liquid decreases by an amount C, AT, where 
Cv is the specific heat (heat capacity) of the liquid, which has the value of 4.18* 103 Jkg-1 
K-'. From steam tables, and hence [5.8b], it can be seen that the change in volume of 
water as it cools about the boiling point is small, and so the work done (resulting in a 
change in internal energy) is negligible. 
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Again assuming that the system has only one degree of freedom, we deduce that any 
energy liberated by the cooling of the liquid, must go into promoting a phase change. 
Steam tables give us the change in internal energy on evaporation, ULG. This is 
dependent on the local pressure. At 1.0135* 105 Pa, ULG is 2.0876* 106 J kg-1. while at 
1.208* 1W Pa. ULGis 2.0723 * 106 J kg-1. The change is small, compared with the size of 
ULG, so the average of these values is used, namely 2.08* 106 J kg-1, and assumed that 
ULG is constant over the range of pressures under consideration. Note that ULG can be 
calculated from the enthalpy of vaporisation (Ah, the latent heat) and the change in 
volume on evaporation, as in Aktins (1982) ULG is approximately 10% less than the 
latent heat because the gas has done work in expanding from the volume it took up as a 
liquid to that which it occupies at its vapour pressure. 
The above values Of ULG assume that the gas is liberated from the liquid, whereas in our 
case the gas forms local bubbles. Thus some energy goes into creating surfaces between 
the liquid and gas phases. The work done in doing this is given by the value of the 
surface tension (at 100 T, 0.058 Nm-1), multiplied by the interfacial area (Atkins, 
1982). Assuming that all the bubbles created have a radius, R, of 0.003 m, and are 
spherical, then the surface area per bubble is 47rr 2. When this is multiplied by the value 
of the surface tension,, it can be found that the work done per bubble is 6.55* 10-6 J. The 
volume of a single bubble is 1.13* 10-7 M3 . 
Thus, since I mole of gas (0.018 kg) 
occupies 24.5 * 10-3 M3, the mass of one bubble must be 8.30* 10-8 kg. It can also be 
found that the work done per kilogram (by dividing the specific work done by the mass 
of the bubble) is 79 J kg-1, which is much less thanULG- In fact, after an initial 
occurrence of nucleation,, the subsequent evaporation of water vapour will feed the 
existing bubbles, which will increase in size. When this happens the increase in surface 
area will be less than if new bubbles were created, so the above estimate of the work 
done is too large. Hence this component of energy use may be neglected. 
Finally, it can be assumed that the density of the gas changes, as its temperature and 
pressure adjust to that of its surroundings. This could be modelled by the ideal gas law 
or equation [5-11]. The work done in adjusting this density may be shown to be 
negligible compared with that involved in evaporation. This assumption will be 
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confirmed later by the finding that the parameter for expansion of gas (7) is much less 
than that for evaporation. 
The first law of thermodynamics thus allows to equate the energy lost as the liquid cools 
(C, AT) with the energy (ULG) used to evaporate the liquid at that pressure and 
temperature, other effects being negligible, as discussed above. The additional term is 
the rate of vapour generated due to the heat load, which is constant along the tube. A 
decrease in temperature along the tube in the negative 'x' direction causes a loss of 
liquid by evaporation, so: 
- F=APLULFL 
cv 
Tx - 
qL 
ULG ULG 
in which: 
.Q 
[5.18] 
Q is total input heat load (W), A is the uniform cross sectional area of the pipe and L is 
the total length of the tube. 
The last equation makes the assumption that the liquid and gas phases travel at the same 
velocity. This is known as the homogenous assumption, and is valid for bubbly flow. 
Lisseter et al. (I 999b) have shown that when the homogenous assumption is made, then 
predictions of the void fraction in bubble flow differ from their true values by less than 
10%. The hypothesis of homogeneity is also assumed and justified by other 
investigations (Houghton, 1961 and Zeitoun et al., 1994). The homogenous equation is: 
UL :::: -- UG - [5.19] 
5.1.2 Deriving an Expression for the Local Void Fraction in Terms of 
the Local Pressure 
In this section the variables will be determined that arise in the above equations to 
derive an expression for the local void fraction in terms of the local pressure. This may 
be started by eliminating F between [5.17] and [5.18]: 
Chapter 
(APLF-LUL)x = (APLFLUL) 
( cv 
T 
( LG ) 
qL 
ULG 
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[5.20] 
The above equation is a non-linear, non-homogenous ordinary differential equation. 
The non-linearity comes from the fact that temperature depends upon pressure and 
subsequently distance along the pipe. To make the above equation and its solution 
simple, consider that: 
Y : -- PLF-LUL 
From Eq. [5.20] we can get: 
dT 
N 
dx 
where: 
1ý - 
and 
N= 
C 
ULG 
qL 
ULG 
Eq. [5.22] can be re-written to: 
x -[U 
]ý 
-U ye ,= -Ne 
[5.21] 
[5.22] 
[5.23] 
[5.24] 
[5.25] 
We then integrate and apply boundary conditions at points along the tube, starting from 
the top towards downstream the tube: 
[ye 
-kT 
-Nxfe 
-kT dx 
0 
and subsequently: 
x 
ye -kT = yoe-kTO -N 
fe -kT dx 
0 
[5.26] 
[5.27] 
Then both sides can be divided by the term (exp(-/U)), so the left hand side in the above 
equation is only a function of void fraction and liquid velocity: 
x 
yoe 
ý(T-To ) 
-Ne 
U fe -kT dx [5.28] 
0 
The integral in the right hand side cannot easily be solved, as it is unknown how the 
temperature changes with the pressure along the tube. Moreover, as far as the 
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applicability of the theory is concerned, the relationship between either of temperature 
or pressure with the distance is more convenient than that of pressure and temperature 
themselves. Eq. [5-3] can be used in order to find a relationship between temperature 
and pressure, which is: 
T=Ta +M(P-Pa) [5.29] 
In which subscript "a" corresponds to the atmospheric conditions at 100 OC and "m" is 
small value. Subtracting To from the above equation: 
(T - TO) = (Ta - TO) + M(P - Pa) [5.301 
Again, it should be pointed out that this is necessary, as there is no information on the 
variation of temperature with the distance in a heated vapour/liquid two-phase flow. 
Substituting [5.30] into [5.28] leads to: 
[P-Ja 
-TO)+Mý-(P-Pa)] 
PI(Ta+M(P-Pa))IX 
-k-(Ta+M(P-Pa))Idx y= yoe - Ne 
fe 
0 
[5.31] 
All parameters inside the integral are constant except pressure that depends upon 
distance along the tube. This can be regarded as a second-degree polynomial. The 
assumption of second-order equation will be justified in the following section that 
shows the coefficient of the terms above (x 2) are negligible: 
P- Pa ::::::::: CO + CIX + C2X 
2 [5.32] 
where considering x=O and p=po lead to CO=PO-Pa. It is still not possible to integrate the 
second term in right hand side of Eq. [5.3 1 ], as there is no exact solution for the 
exponential term (exp (C I X+C2X2)) . 
This term can be expanded in order to overcome 
this: 
x 
eýM(CIX+C2 X2) fe -kM(CIX+C2x')dx 
0 
1+ ý-MCIX + ý, MC2X 2+I k2M2(C IX +C2 X2Y + terms in X3 [5.3-33a] 2 
x 
2)+ 2 f(I 
- kM(CIX + 
C2X terms in x 
0 
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Integrating this leads to: 
= 
(I 
+ ý, mCjx + terms in x2) MCIX 
2+ 
terms in x 
x 
Jo 
[5.33b] 
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Now the order of magnitude of the various terms should be considered in order to 
neglect the terms with very small values. We know that Cv is in order of (103 ) andULG 
is in (106), so the order of magnitude of k (=Cv/ULG) is (10-3). On the other hand, the 
order of magnitude of the parameter "m" is (10-4) (as calculated in [5.3]). This gives the 
order of magnitude of the product of "/km" is (10-7) . Therefore, the terms 
in and above 
I (x') are neglected. The discussion of this matter will be elaborated in Appendix D. 
Therefore Eq. [5.33a] can be simplified as: 
(I + ý, Mcjx)x I- 
;ý 
mC Ix+ terms in x3 2 
The first term in the right hand side of [5.3 1] can be rewritten similarly as: 
y,, e(ý-(Ta-To)+Mý-(P-Pa)) = y,, e(ýM(Pa-Po)+ý-M(CO+CIX+C2 
X2) 
) 
Considering again the relationship between temperature and pressure: 
Ta -To 
Pa -Po 
[5.34] 
[5.35] 
= [5.36] 
where if x=O and p=po, we get CO=PO-Pa. Substituting [5.36] into [5.35] yields: 
yoe 
(ý. (T-To)) 
= Yo 1+ý, M(CIX + C2X 
2+I (ýMC I X) 
2+ terms in x3 
2 
[5.37] 
Now, replacing [5.3 4] and [5.3 7] into [5.3 1] leads to: 
Y 1+ ý'M(CIX + C2X 
2)+1 (ý, MC , x) 
2- N(I + 7, mC , x)x 1-1 (ý, mC, x) 
[5.38] 
2 
where y --': PLUL6L- Eq. [5.3 8] can simply be re-written as: 
PLUL F- L -::: P LOU L08 LOO - (0 
in which: 
0-: -- l+ý-nl(CIX+C2 X2) +1 (XMCIX)2 
2 
and 
[5.39] 
[5.40] 
(o=N(I+ý, mCjX)x I- 
I 
(; ýmC I x) = N(x + 
1?, 
MCIX2 _I ()ýMC I X)2 X3 
[5.41] 
222 
As discussed earlier, the third tenn on the right hand side of Eq. [5.41] can be 
eliminated as the term (km) 
2 is in order of (10- 14). 
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The void fraction in Eq. [5.39] is a function of local liquid velocity, a parameter that we 
do not have. However it can be replaced from the another equation, the total mass flux 
of the two-phase flow, which is: 
PLUL6L + PGUGF-G [5.42] 
We assume that the liquid and gas mixture is homogenous, which is valid in the bubbly 
flow regime (Houghton, 1961 and Zeitoun et al., 1994), SO UL:::::: Uý. Having considered 
this assumption and replacing [5.42] into [5.39] gives rise to: 
PLF-LG PLF'LOG 0-0) 
PLF'L + PGF-G PLFILO +PGF-GO 
This can be rearranged as: 
F- LG F-LOG 0-0) 
F- L+ RF- G F-LO + REGO 
where R= 
[5.43] 
[5.44] 
PG 
PL 
As is also shown in Appendix D the changes in liquid and gas densities are negligible, 
so we can assume that: 
PL =--PLO and PG=PGO 
and as a result of this: 
F- L (P- F- LO 0- 0) 
F- L+ RF, G F'LO + 
RF-GO 
[5.45] 
[5.46] 
All terms on the right hand side of the above equation are constant or solely a function 
of the distance along the tube, so it is convenient to rearrange Eq. [5.46] and find a 
relationship between the void fraction and parameter called (p. 
1- F- G :::::::: (I - F- G) ýD + RF, G (P -":: ýP - F- G (P + R6 G ýP 
and finally: 
E, - = 
I- 
%J I- ýD(l - 
[5.47] 
[5.48] 
in which: 
ICM 
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=- 
F- L0-- (0 
r5 IQI 
i 'L0 --'- ""' G0 k-T 
Subsequently it can be written, substituting 0 and co from Eqs. [5.40] and [5-41]: 
(1)(I + 'ý, MC IX+ ý""C X2 
)-T 
+Iý, Mc x 
2 
In this equation: 
6LO F-GO 
6 LO + R6GO 1- F-GO (1 - R) 
and 
lp 
At this point some dimensionless parameters are defined as: 
6 --::: Pa ýIm 
and 
C, 
Cl 
Pa 
C2 
C2 ---: 
Pa 
Now Eq. [5,50] will be: 
21 (D + (D6 Cl X+ (D6 C2 X- Tx -- T6 Ci x 
=(D+ (D8CI-T X+ (D8C2- 
1 TÖCI X2 
[5.50] 
[5.5 1 
[5.5 1 b] 
[5.52a] 
[5.52b] 
[5.52c] 
[5.53] 
or for simplicity, it can be considered as a second-order polynomial function: 
(P --": fO +fIX+ f2 X2 
where: 
fo = (D 
f, = (D6 Cl -T 
f2 =C2--Ci 
2 
i (: i: 
[5.54] 
[5.55a] 
[5.55b] 
[5.55c] 
94 
Replacing Eq. [5.54] into [5.48] yields: 
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G=-I- 
fo + fix + f"x 
2 
[5.56] I- fo +flx+f 21 2X I- R) 
The above equation is a non-linear function that is not easy to use, particularly when 
expressing the pressure profile as a function of void fraction. It is therefore more 
convenient to convert it to polynomial function. Expanding the above, using a 
Maclaurin polynomial approximation gives rise to: 
1 00 1 
6G -G [5.57] I- (p(I - R) , .0n! 
In this equation the term F-G (n) is the "n" order differentiation of [5.56]. Therefore it 
follows that: 
F, (0) 
1- fo RF-GO 
- EGO G1 x= 0 :::::::: , _C, il VN 
ý 
Tl% . ir-. 
6 (1) G 
(2) 
EG 
, -IOV - K) lý-F- G0+ KE LO 
x=O - 
fl (F'GO (1 - R) - 1) fl 
GO (1 - Rf 1 -c- 
ii 
T-% 
I-I 
4: 1 
[5.58a] 
[5.58b] 
x=O 
'2 [1 
- EGO (I - R) 
]2 
_ 
11 
2 
[1 
- EGO (I - R) 
]3 (1 
- R) [5.58c] RR 
The terms above (X2 ) are found to be small and in the order of 0(10-3) which can be 
ignored. Substituting equation [5.58] into [5.57] and simplifying this yields: 
6G : -": 6GO - 
f, [I 
- FGO (1 - R)] x R 
f2 [1 
- 8GO (1 - R) 
]2 
_ 
f12 [1 
- 8GO (1 - R) 
]3 
1 
(1 
- R)x 
2 +0(10-3) 
[5.59] 
RR21 
This is a second-order polynomial equation, which gives an explicit expression of void 
fraction as a function of distance from top of the tube, physical properties of the phases 
and pressure along the tube. In this equation pressure is the only parameter, which 
needs to be calculated. 
5.1.3 Changes in Pressure of Saturated Vapour/Liquid Upward Flows 
in Vertically Heated Pipes 
The change in pressure along the tube is assumed to follow a second-order polynomial 
equation [5.32]. We develop an independent equation (liquid momentum equation) 
from what has been assumed before [5.1 ]. The next step is to equate the coefficients in 
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Eq. [5.32] with the coefficients in the new equation which will be derived in the 
following. This should be done in order to obtain the coefficients in [5.32] as a function 
of physical properties and the operational parameters such as heat load, distance along 
the tube, total mass flux and diameter of the pipe. 
We start by considering the liquid momentum equation: 
d 
U2 
17 
[5.60] 
(PLF-L 
L)+ F-L 
dp 
: -- -- UL + PL6Lg +Ci dx dx A 
In this equation, F is the rate of evaporation, which is defined in [5.18] and -ci is the 
interfacial pressure gradient which can be assumed zero as ul=ug (Lisseter et al. 1999b; 
Houghton, 1961 and Zeitoun et al., 1994). We can substitute the expression [-(F/A)] 
from Eq. [5.181 into the above equation: 
d 
U2 
dp, d 
[5.61] 
(PLF- 
LL 
)+ 
F-L --": UL -(PLF-LUL)+ PLF'Lg dx dx dx 
Some of the terms in this equation can be eliminated. We start with the differentiating 
from the right hand side: 
d 
U2 U2 
d 
U2 
dd (P 
L F- LLLL 
(PL)+PL 
L-(6L)+ 2PLF-LUL -(UL) dx dx dx dx 
[5.62] 
and if we do the same for the first term on the right hand side in Eq. [5.61 ], gives: 
22 [5.63] UL (PLF-LUL) = F-LUL (PL)+ PLUL -(F-L)+ PLF-LUL -(UL) dx dx dx dx 
By substituting [5.62] and [5.63] into [5.61]: 
2dd dp 2d PLUL (6L)+ 2PL6LUL -(UL)+F-L 6LUL 
(6L)+ 
dx dx dx dx 
d 
[5.64] 
PL6LUL dx 
(UL)+ PLF-Lg 
and this can be simplified to: 
PL6LUL 
d (UL)+ 6L 
dp 
--": PL6L9 dx dx 
Dividing the above by EL leads to: 
PLUL 
d 
UL + 
dp 
--": PLg dx dx 
[5.65] 
[5.66] 
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It is convenient to define a dimensionless pressure, because we wish to compare the 
results of this model with that dimensionless equation of pressure [5-32], [5.51] and 
[5.52]: 
P-Po 
p- 
Pa 
so 
dp dp 
dx = Pa dx 
Substituting the above into Eq. [5.66] yields: 
PLUL 
dU L +Pa 
dp 
--": PL9 dx dx 
[5.67] 
[5.68] 
[5.69] 
This is a non-linear, non-homogenous first-degree differential equation which cannot be 
simply solved. To overcome this, we have to find a relationship between liquid 
superficial velocity and distance along the tube, which from Eq. [5.42] we have: 
UL =-- 
PLF-L + PG6G PL (1 + F-G (R - 1)) 
[5.70] 
In this equation EG can be replaced from [5.59]: 
PLUL - 
G_ 
_G2, 
G2 
[5.71] 
1+ F-G (R - 1) 1+ 
(do + djx + d2X ýR - 1) ko + kjx + 
k2X 
where coefficients do, d, and d2are defined in Eq. [5.58] and: 
ko =I+do(R-1) [5.72a] 
k, =d, (R-1) [5.72b] 
k-) = d2(R - 1) [5.72c] 
Eq. [5.7 1] can be rewritten as: 
91 
ko + klx + k2X 
where: 
91 = 
G 
PL 
By differentiating of Eq. [5.73] respect to 
dUL -gl(k, +2k2X) 
dx (ko + klx + k2X 
2Y 
[5.73] 
[5.74] 
[5.75] 
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Substituting [5.73] and [5.75] into [5.69] gives: 
G g, (k, + 2k2X) 
ko + klx + k2X 2 '(ko +klx+k2X 
or 
dp=A (k, +2k2X) 
dx (ko 
+ klx + k2X 
in which: 
A= G. gl = 
B= PL9 
Pa 
dp 
--': PL9 dx 
[5.76] 
[5.77] 
[5.78a] 
[5.78b] 
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Integrating Eq. [5.77] for the boundary conditions of 0 (top of the tube) to x (any point 
along the tube): 
p-X, (k, + 2k2X) fdp 
0A ko +klx+k X2 
+B 
02 
dx 
I 
PLPa 
2+2+ Bx 2 (ko 
+ klx + k2X 
2)2 ko 
[5.79] 
[5.80] 
We use the Maclaurin polynomial approximation again to obtain a linear polynomial 
expression for the pressure along the tube. This has to be done because we wish to 
equate the coefficients of [5.32] with those of derived from [5.80]. 
A P=-- 
2 
or 
p 
2k, 4k 2 
(2kok 
X+ 
1x2 
ko k3k4k4 
1011001 
2Ak, 
+B 
k3 0 
x- 
(A 
ý2) 
(3k, 
-2 
k4 0 
which can be rewritten as: 
p=Alx+A2X 2 
A12+ 
Bx [5.81] 
2 ko 
[5.82] 
[5.83] 
in which: 
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2Ak, 
+B ýrI 
(A 
A2=- 
ý2) 
(3k, 
-2kok2)- 
k4 0 
2 Meanwhile we knew from Eq. [5.32] that P: --: CI X+ C2 X. Equating [5.32] and [5-831 
gives: 
Ci =A, = + 
(A 
C2 = A2 =- 
where: 
ULG 
(3k, 
-2kok2) 
k4 0 
ko -1+ F-GO (R - 1) [5.87a] 
k, =d, (R-I)=-fl ko(R-1) R 
k2 =d2(R-I)-- 
f, -(D6CI-T 
f2 2f 12 3 
-ko (I - R) +2 ko RR 
T- 
(D6 C2-6C1 
2 
(D = 
1ý --- -- 
- 
0- "-MP a ::::: MPa 
TN where N=q G LULG 
A= G. g, 
and 
B= PL9 
Pa 
I- F-GO 
I+ '-ýGO (R - 1) 
G2 
PLPa 
(R-1) 
[5.84] 
[5.85] 
[5.86a] 
[5.86b] 
[5.87b] 
[5.87c] 
[5.87d] 
[5.87e] 
[5.87fl 
[5.87g] 
[5.87h] 
[5.87i] 
[5.87j] 
C 
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However it is more convenient to find an explicit expression for Ci and C2 in relation 
with the operational parameters such as heat load and physical properties of the system. 
To do this, we replace parameters in Eq. [5.86] by evidence as from Eq. [5.87], which 
leads to: 
'? L, - -F 1, 
- 
/- 1 1.11,1 1 
Cl =A, --+B=-2A-1 -ý! -O(R-I)+B k3 R k3 00 
2A (R - 1) 
ko 
and finally: 
I- - -1 
(D6Ci-T +B 
2q LG(R 2 "k C, =- -')+PLULGgp 0 
2(1)mCvPaG I (R - 1) + RkOPLPaULG 
The same procedure gives: 
A 
2 
c, )= 
f, 
(R _1)2 
1 (R-1) 
T8Ci 
R ko R 
1+ 
A (R-1)(D6 
ko R 
[5.88] 
[5.89] 
-1 [5.90] 
It is worthwhile noting that C1 is independent of the heat load, which, however has an 
effect on the second coefficient (C2). 
In this study no experiments have been performed for a heated tube. However the above 
equations will be validated by a phenomenological comparison with the results of the 
following section. However the accuracy deteriorates, when the comparison is made at 
low liquid flow rates. 
Fig. 5.2 shows the variation of the void fraction as a function of distance from top of the 
tube at different incoming liquid velocities for a pipe with 24.2 mm in diameter. It is 
apparent, as expected that an increase in liquid velocity leads to sharp decrease in the 
void fraction. The variation of void fraction with distance along the tube at different 
head load is illustrated in Fig. 5.3. It can be seen that the nucleation occurs nearer to the 
top of the tube as the heat load decreases. It should be pointed out that the above figures 
are based on the specified void fraction and pressure at the top of the tube. More 
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comparisons for the above equation will be made in the following section with the result 
of theory at which void fraction is calculated in an unheated tube and the air/water 
theory at ambient temperature. 
symbol uL 
0.167 m/s 
x 0.6 m/s 
0 1.67 m/s 
0 
Figure 5.2 Effect of liquid velocity on the variation of void fraction in a heated tube. 
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Figure 5.3 Effect of heat load on the variation of void fraction in a heated tube. 
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5.2 Changes in Void Fraction due to Changes in Pressure for Saturated 
Vapour/Liquid Flows in an Unheated Tube 
This section briefly describes the model that is posed by Lisseter at al. (1999a) in which 
the void fraction is calculated as a function of distance along the unheated tubes. The 
solution procedure is based on the set of equations presented in section 5.1.1 from [5.1] to 
[5.20]. As far as the definition of problem is concerned, there are two differences between 
what will be described in this section and the model derived in the previous section. The 
first one is that the generation of steam bubbles is ignored due to heat load. Therefore the 
second term in the right hand side of [5.19] can be ignored. The second difference is that 
the changes in the vapour density are allowed, though as it is mentioned before these 
changes are negligible. 
The derivation of void fraction begins by equating [5.17] and [5.18], in which the rate of 
evaporation (F) can be eliminated. This gives an expression for the liquid velocity at 
different points along the tube as a function of void fraction. The rate of evaporation is 
eliminated again between [5.18] and [5.19] which gives a homogenous differential 
equation between void fraction, local liquid velocity and temperature downstream the tube. 
The liquid velocity is then deleted between these two equations, However the above 
differential equation cannot be easily solved as it is not known here the temperature 
changes between different axial positions. Therefore a relationship between temperature 
and pressure [5.3] has to be included in this differential equation. The final equation is a 
relationship between the pressure gradient and the void fraction and has only the pressure 
as an unknown parameter. 
The solution proceeds by developing an equation for the prediction of pressure in relation 
with the distance along the tube. This starts by consideration of equation [5.1 ] which is the 
momentum equation. In this section, changes in vapour density are allowed. The solution 
of a simplified form of Eq. [5.1 ] leads to a polynomial, which is a function of void fraction. 
The terms with small values compared to the others are deleted throughout the derivation 
of void fraction and pressure gradient. Void fraction and pressure profile can be calculated 
along the tube by iteration between these two sets of equations because each equation is 
depended upon the other one. The last part of this model is concerned with prediction of 
the point at which the liquid phase turns into the vapour phase. The full explanation of the 
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model is given in Appendix D. The final equations for the calculation of void fraction and 
pressure gradient along the tube are as follows: 
I+ (I + 2F-GO)(1 - F-GO)(D - F-GO (D - y))R(y + PO = sx(I - F-GO) 
a2 (1 - E; GO )2(l + 26GO) 
2R2 (D - F-GO (D - Y)) 
2 
1/ 2+ CY0 - 6GO)R 
RGO (D - 6GO (D - y)) 
+ (I - 6GOM + 2FGO)(D - y)l 
+S 2x2 (1 - 6GO )2 R(D - 6GO (D - y)) +a2 (1 - 6GO )2 R2 (1 + 26GO) 
(D - 6GO (D - y)) 
3 
(1 - F-GO)(D - y)(I + 2F- GO) 
(1/ 2- 26GO)(D - F-GO (D - y)) 
F'G =6 GO - SX (1 - F'GO )2 R(D - 6GO (D - 7)) 
-S 
2x2 (1 - F-GO )3 R(D - 6GO (D - y)) 
1+ (1 + 2F-GO)(1 - F-GO) 
R(D - E; GO (D - y))cy + 
CY 2(l - 6GO )2(l + 2F- GO )2 
R2 (D - F-GO (D _ 7))2 
I/ 2R(D - EGO (D -+ 
R(D Ml - EGO) 
+ CYG 6GO)R 2 (D - EGO (D - y)) 
3EGO (D - EGO (D - y)) + 
3(D - Ml - EGOM + 2FIGO) 
cy 2 (1 - F'GO )2R3 (D - 
GO (D _ y))2 (I + 22GO) 
2(l - E; GO)(D - y)(I + 2F-GO) - 
31(1/ 2- 2E; GO) 
(D - E; GO (D - y)) 
[5.91] 
[5.92] 
5.2.1 Validation of the Model by Comparison with Experimental Data 
As mentioned in chapter 3, steam bubbles are generated by the secondary local heater at 
the entrance of the test section. All data have been taken at steady state conditions, 
keeping temperature and flow rate constant. The liquid flow rate was measured before the 
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test section. As mentioned before, it is also more convenient to refer to the liquid flow rate 
as the total flow rate since it is a proportion of this liquid, which is converted into steam 
and provides the vapour component of the two-phase flow. 
The variation of void fraction as a function of the downstream distance, L/Dh, is illustrated 
in Fig. 5.4 which relates to different local heat loads for a fixed total flow rate. It can be 
seen from this figure that void fraction goes up as downstream length increases. This trend 
can be attributed to the fact that steam bubbles are generated at higher downstream distance 
to reduce superheated liquid to its boiling temperature. At lower heat loads, the generation 
of saturated steam bubbles takes place at a significantly greater distance from the heater, 
while for a higher heat load, due to the higher rate of the vapour generated, it happens very 
close to the heater (for instance at 5.14 kW in this figure). The comparison between 
experimental data and theory is shown in Fig. 5.5 for two different flow rates. It is evident 
that the agreement between the experiment and theory is good, particularly at higher 
downstream distance. These results will be compared with the theoretical results of the 
effect of heat load in the following section. 
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Figure 5.4 Variation of void fraction with respect to downstream distance measured at different 
heat loads. 
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Figure 5.5 Comparison between experimental data and theory. 
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5.3 Comparison between Air/Water and Steam/Water 
As promised before a comparison should be made between air/water and steam/water 
flows in heated and unheated tubes. We now recall the results described in the paper by 
Lisseter and Fowler (1992) in which the change in void fraction and pressure is analysed 
with respect to distance in air/water flows at ambient temperature. In such circumstances, 
there is no evaporation only expansion of gas due to change in pressure (which is almost 
negligible for the circumstances of this study). It is shown that the variation of void 
fraction with distance down along the pipe is: 
EG: -- EGO(l+S(l-F-GO)J 
I 
where S: --(PL9)/Pa [5.93] 
F'GO [5.94] 
PO 6G 
We now consider the situation in which there are two identical pipes, one containing the 
steam/water flow and the other the air/water flow. Both pipes are lagged so that there is no 
heat loss. The flows are adjusted in a way that at the ends of both pipes, the void fraction 
is EGO and the pressureiS Pa. Then equations [5.59]. [5.92] and [5.93] tell us that in vertical 
upward flow, the void fractions before the end of the pipe will be different in the two 
different cases of steam/water and air/water flows. A comparison of the equation [5.93] for 
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air/water at ambient temperature, [5.59] for steam/water in a heated tube and steam/water 
in an unheated tube [5-92] are shown in Fig. 5.6. There is no change in the void fraction 
for the air/water two-phase flow downstream the tube. On the contrary, in steam/water 
system, the void fraction changes a long the tubes, due to change to pressure drop. This is 
more pronounced in a heated tube as the effect of evaporation due to heating is much more 
important that that of pressure drop. Thus it can be said that steam/water flows cannot be 
modelled in the same way as air/water flows. In particular when modelling steam/water 
flows, evaporation must be taken into consideration. 
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Figure 5.6 Comparison of different models developed for air/water and steam/water in heated and 
unheated tubes. 
5.4 Summary and Conclusions 
In this chapter new explicit expressions have been derived for void fraction and pressure in 
evaporating bubbly flows in a heated tube. The solution is given by equation [5.59]. The 
void fraction in an unheated tube is also described briefly in section 5.2. Under these 
conditions for liquid flows of approximately I ms-1, the contribution of the acceleration of 
the liquid to the pressure drop is nearly as important as the contribution of hydrostatic 
head. The effects of gas acceleration are negligible. The void fraction expression is 
validated with experimental results and good agreement was obtained. 
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We may also note that in the equations the void fraction is presented in terms of 
evaporation and that the change in void fraction due to a change in pressure is compounded 
by expansion of the evaporated liquid. Evaporation is far more important than expansion 
in steam/water systems. The evaporation of the continuos phase (liquid) is found, as 
expected, to be substantially due to the heat load compared to the change in pressure 
downstream the flow in a heated tube. 
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Chapter 5 presented the theoretical models in dealing with prediction of void fraction and 
pressure drop in the heated and unheated vertical pipes. This chapter deals with the 
calculation of void fraction in horizontal pipes in either of a straight pipe or a venturi. In 
the work described here, studies have been made using one of the CFD (Computational 
Fluid Dynamics) codes namely called CFX4.1. The work was initiated by Dr. Y. Yan as 
part of his research fellowship at Surrey University for vertical pipes and the further 
development reported here was a study of two-phase flow in horizontal pipes. 
6.1 Previous Works 
Much work has been done on the numerical modelling of two-phase bubbly flows. One- 
dimensional methods have been widely used for design calculations. Probably the 
homogenous equilibrium mixture model is the simplest among the models. Such models 
have been upgraded by prescribing velocity and void distribution profiles, and the relative 
velocity between the phases. Strictly, these require advance knowledge of the radial 
distributions, which information is not normally available. Therefore we consider 
multidimensional calculations with an appropriate two-fluid model. The conservation 
equations of such a model for two-phase flow have been rigorously developed by Ishii 
(1975) and updated by Lahey and Drew (1990). In the resultant model, both the Reynolds 
stresses and some new interfacial transfer forces were contained. Similar work with two- 
fluid models has also been carried out by Gaard and Brekke (1992), Simonin and Viollet 
(1989) and Lopez de Bertodano et al. (1994). 
Two important issues arise in the modelling of two-phase flows. One is the effect of 
bubbles on the turbulent field and the other is the nature and magnitude of the interfacial 
forces. The turbulent field in the liquid can clearly affect the distribution of bubbles, 
where the bubbles in turn affect the liquid phase turbulence. The earlier work of Drew and 
Lahey (1982,1987), in which the mixing length theory was applied to analyse phase 
distribution of bubbly flow, suggested that turbulence could be a dominant mechanism in 
lateral phase distribution. Since then the k-E; model has been used in turbulent two-phase 
flow (Lee et al., 1989, Simonin and Viollet, 1989). As far as interfacial forces are 
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concerned, the drag force on bubbles has been extensively investigated and many 
correlations for the drag coefficient of bubbles reported. Other forces for interfacial 
momentum transfer, such as the added mass force and the lift force, may be derived from 
the first principles of inviscid flow. Drew and Lahey (1987) and Clift et al. (1978) 
suggested that the added mass force should be significant for low concentrations of 
dispersed bubbles in continuous liquid. However, Gaard and Brekke (1992) showed that 
the added mass force is likely to be important only in flow situations where there are large 
differences between the liquid and gas acceleration. Their numerical results have shown 
that there are no significant differences between computations with and without added 
mass force terms. 
It is noted that the constitutive relations published for phase distribution in bubbly two- 
phase flow are normally only concerned with flow without phase changes. In particular, 
interphase mass transfer has usually been ignored. This may be appropriate for an 
air/water system, which is at room temperature, but may not be for other vapour/liquid 
bubbly flows in which evaporation or condensation may occur. In vapour/liquid bubbly 
flows, like steam/water systems, interfacial heat and mass transfer are likely to be very 
significant. The effect of phase changes as a result of heat and mass transfer is shown to 
be important in chapter 4, where the flow passes through a venturi (Fig. 4.35). 
6.2 Mathematical Model 
6.2.1 Governing Equations 
A three-dimensional two-fluid model has been developed for predicting gas/liquid and 
vapour/liquid turbulent two-phase horizontal bubbly flows. The two-phase approximation 
used in the present study assumes that each phase co-exists and flows in a horizontal tube 
and that each phase may have its own unique flow and temperature field. Conservation 
equations for mass, momentum and energy are solved for each phase to determine the 
respective flow fields. Interphase transport terms allow for the exchange of momentum 
and energy between the phases. The equations are as follows: 
Continuity equations: 
a(cipi) 
+ V. (ci piui) = mij - mji (i = L, G, and a 
[6.1] 
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Momentum equations: 
1ý 
a(cip, uj) 
- Ei (pig - vp) + 
V-(ciýteff (VUi +(VUi)T)_V. (CipiUiUi) 
+ Mi + (Mij u Mji Ui) 
Energy equations: 
a(EipiHi ) 
Ot 
V-(EjpjujHj) =V 
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[6.2] 
Pi (Tj - Ti) + (mij Hj - mji Hi) [6.3] 
In the above equations, the subscripts i indicates the phase (i =L for liquid phase and j=G 
for gas phase), t indicates time and u the velocity. The other symbols p represents the 
density, p the pressure, T the temperature, H the enthalpy, cp the specific heat, /% the 
thermal conductivity, ýt, ff the effective viscosity, mj is the mass flow rate per unit volume 
into phase i from phase j, P the interface heat transfer term and Mi represents the interphase 
momentum transfer forces, Fj (i=L and G) represents the void fraction of liquid phase and 
gas phase, respectively, and we know that: 
F'L =1- F-G [6.4] 
The two phases are supposed to share the same pressure field. Due to the dominance of 
the frictional resistance of the liquid flow in the pressure drop for a horizontal pipe, the 
pressure term in the momentum equation can be expressed as: 
=2f2 PL = PG d wPLULý 
(fw = 0.079 ReL 0,25 = 0.079 
-0.25 
PLF'LULDI, 
ýt L 
) [6.5] 
where Dh is the diameter of the pipe andf, is the wall friction factor of which the Blasius 
relation (Mercadier, 1981) is used. 
6.2.2 Interfacial Transfer Terms 
Mass Transfer 
In the continuity equations, mij - mji is the net change in mass flow rate associated with 
phase change. For dispersed air/water flow at room temperature, the air bubbles may be 
considered relatively insoluble, thus, a process with isothermal mixing and no phase 
change may be assumed and hence mij - mji =0 applied. Nevertheless mass transfer in a 
steam/water bubbly flow cannot be ignored. This can be described in terms of a mass 
transfer coefficient, Cm, as: 
*4 
III 
mij - mji = -CmSjPi (C m> 0), for evaporation, 
rnýj - Mji = Cm6jPi (Cm < 0), for condensation 
Governing Equations 
[6.6] 
Interphase forces 
The interphase momentum transfer forces, Mi (i=L, G), consist of the drag term and the 
other forces, such as lift and added mass forces. The forces for different phases can 
normally satisfy the relation of 
MG +ML=O [6.7] 
In the present study, only the drag forces are considered. This is partly because it has been 
reported that the effects of other forces on bubbly flow are negligible (Gaard and Brekke, 
1992). Furthermore the current model uses the CFX4.1 code, which can highlight the 
differences in the interphase heat and mass transfer for the two different bubbly flows. 
Thus, the forces is represented as: 
ML = _MG =3 
CD 
f! 
-L 6 GýUG -ULI(UG _UL) [6.8] 
4 db 
In this equation, db is the bubble diameter, and CD itý the non-dimensional drag coefficient 
of the bubbles. For 1000 :! ý Re :! ý I-2* 10' ý 
CD=0.44 was used. 
Heat Transfer 
Heat transfer across a phase boundary is described in terms of an energy coefficient, 
which is the amount of heat transferred per unit time per unit temperature difference. In 
the model, we assume the gas side temperature is uniform and equal to the interfacial 
temperature, so the energy coefficient, P, is actually proportional to the external heat 
transfer coefficient h. Thus, assuming a dispersion of uniform spherical bubbles, the rate 
of heat transfer Q per unit time across a interphase boundary of area A, from phase i to 
phasej, is: 
6ýG 
Pi (Tj - Ti) = hýJA(Tj - Ti) = 12 LNu(Tj - Ti) Cb 
The Nusselt number Nu has been given by Hughmark (1967) as: 
Nu =2+0.27 Re 
0.62 Pr 0.33 (450:! ý Re) and (0:! ý Pr:! ý 250) 
[6.91 
[6.10] 
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6.2.3 The Turbulent Model 
To model the turbulence . 
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ý ýj- in the continuous liquid phase, a low 
Reynolds number k-F- model, which is well developed for single-phase flow (CFX manual, 
1995). was employed. The molecular and turbulent diffusion of momentum is governed by 
an effective viscosity: 
e ff L+ 
ýt TL 
2 
where ýt TL ::::: Cp fp PLL 
L 
[6.11] 
The transport equations for the turbulence kinetic energy kL and turbulence dissipation rate 
F-DLare: 
a(p, kL) 
+ V-h), u, k, )-V a 
(yk 
)) 
and 
a(PLkL 
+V*(PLULFDL)-V ýtL + 
ýt TL VE; 
DL a Cy k 
=Cl 
ýDL (p +C, max(G, O)) kL 
-C2f2PL 
22" 
+E 
kL 
[6.12] 
[6.13] 
Where in these equations P is the shear production and G is the production due to body 
force. The details of the definition equation of P and G and another functions, such as f, V 
f2, D and E, have been elaborated in detail by Launder and Sharma (1974). The constants 
in Eqs. [6.11-6.13] are specified as in the standard single-phase flow k-F, model, namely, 
V= or 
k, CI=1.44, C2= 1 . 92, 
C3=0-0 and, C 0.09, respectively. The turbulent Prandtl number f 
Cyk= 1 
.0 and the turbulent Prandtl number 
for F,, Gk=K2/((C2-CI)( C ý1)0.5)=l . 27, where the 
Von Karman constant, K=0.419. 
6.3 Numerical Method 
The equation system of the two-fluid model was discretised and solved on the controlled 
grid using the finite volume program, CFX-F3D version 4.1. Body-fitted co-ordinates are 
included to allow the treatment of arbitrary three-dimensional geometry. The effect of the 
number of grids and their sizes on the convergence of the solution has been considered 
prior to the runs at different phase velocities. Moreover, the maximum size of grid has 
always been selected in order to minimise the time of each run. Interphase linking is 
(1 
ýt L+ -ýLT-L 
lVkL I=P+G- PL6DL -D 
1 
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solved in CFX4.1 using the Inter Phase Slip Algorithm (IPSA) of Spalding (1976). This 
solves the coupled equations in a segregated mode, with the option of accelerating 
convergence using the Partial Elimination Algorithm (PEA) of Spalding, or the SINCE 
method of Lo (1989). The pressure drop term is programmed into CFX4.1 via the user 
FORTRAN interface. 
In the present study, steady flows were considered using DEC 3000 Alpha computer and 
more recently a Sun computer namely called BORG. The solutions were obtained by 
starting from some initial flow and temperature distributions set as boundary conditions 
and iterating towards steady flow. The conditions at outlet were set as a pressure 
boundary, at which the pressure was kept as atmospheric pressure. The initial distributions 
of velocities and temperatures for the two phases and the void fraction were given at the 
inlet. The air and steam vapour bubbles at inlet were all treated as being 3 mm diameter in 
spherical shape. 
6.4 Results and Discussion 
6.4.1 Air[Water and Steam/Water Flows in Equal Diameter Pipes 
Bubbly air/water and steam/water flows in a horizontal pipe were investigated using the 
numerical model described above. Computations were carried out for horizontal pipe of 
15 m length and 50 mm inside diameter assuming a uniform distribution for the initial 
mean velocity and temperature profile of the continuos phase and a uniform void fraction 
distribution. The computation was firstly carried out for the above conditions in order to 
validate the numerical results with the experimental results of other investigators. The 
migration of the bubbles between different lateral sections of the pipe have also been 
obtained. 
Fig 6.1 shows the numerical results of local void fraction distribution for air/water bubbly 
flow at different lateral sections. In this figure r is the distance from the centre of the tube 
in vertical direction. It is can be seen from this figure that, buoyancy causes the migration 
of gas bubbles toward the top of the horizontal pipe and that consequently the flow 
becomes highly non-symmetric over the pipe cross-section. Another characteristic is that 
the local void fractions at L/D>20 have similar distributions. Generally, the published 
experimental data for air/water horizontal bubbly flow is very limited. Some of results 
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were reported by Kocamustafaogullari and Wang (1991), in which the bubbly flow in a 
15m long horizontal pipe for fully developed flow was carried out (with superficial liquid 
and gas velocities of 4.9 and 1.34 m/s,, respectively). We had to use other experimental 
results because we have not able to measure the void fraction at different cross-sections. 
The numerical results for local void fraction at L/D=10 are reasonably consistent with the 
experimental results of Kocamustafaogullari and Wang (1991) as shown in Fig. 6.2, which 
were measured by means of quick closing valves. Therefore the effect of error caused by 
using the quick closing valves may have been included in the experimental results. 
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Figure 6.1 Variation of void fraction of air/water bubbly flow at different lateral sections. 
Similar void fraction profiles were also obtained for steam/water bubbly flows by 
numerical calculation. Fig. 6.3 shows the comparison of calculated void fraction 
distribution between air/water and steam/water bubbly flows. All these calculations are at 
similar input velocities of dispersed phase (gas and steam) and water as well as same initial 
bubble size and void fraction distribution. At the same lateral section, the void fraction of 
steam/water bubbly flow is higher than that of air/water bubbly flow. These differences 
arise from the different pressure and temperature distribution in the two systems reflecting 
the different mechanisms of interphase mass and heat transfer. 
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Figure 6.2 Comparison between numerical and experimental results. 
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Figure 6.3 Void fraction distribution for air/water and steam/water bubbly flows. 
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6.4.2 Flow in Verturi Pipes 
As mentioned in chapter 4, venturis and orifices have often been used to measure flow rate 
in single and two-phase flows. Other applications of two-phase bubbly flow through 
restrictions are important in industrial processes. Two-phase bubbly flows through a 
horizontal venturi have been computed using the numerical model for the venturi, 
described in chapter 3. Fig. 6.4 compares the results for void fraction distribution at lateral 
sections and along the flow direction. It can be seen that air/water bubbly flow in the 
venturi has a quite different void fraction distribution from steam/water flow. The void 
fraction profile of air/water flow is relatively uniform from the throat area to the outlet, but 
it is not uniform for the steam/water flow because of mass and heat transfer between the 
phases. At the outlet section, the void fraction of steam/water flow is higher than air/water 
flow in the central area of the pipe and the value become close at the top area of the pipe. 
While at the throat section, the void fraction of steam/water flow is slightly lower than the 
air/water flow. This is because that, the large increase of the velocity in this area results in 
a larger change of the steam bubble temperature (T=372-366 K), so that condensation may 
become effective. However, for the air/water flow, the temperature change in this area was 
very small and no significant phase changes occur. A phenomenological comparison 
between Fig 6.4 and Fig 4.35 shows that the numerical results are consistent with the 
experimental results. However the numerical results do not show a significant change in 
void fraction at the outlet as exhibited in Fig 4.35. This implies that effect of phase change 
in the solution procedure (in the CFX code) has to be modified. This includes the 
modification of constant mass transfer and empirical correlation of heat transfer between 
the phases. 
It should be pointed out that the aim of the present chapter was to validate the applicability 
of the numerical methods as well as detail calculation of parameters such as void fraction 
at different cross-sections, which we have not been able to determine in chapter 5. Despite 
the fact the numerical results were consistent with some the experimental results, however 
the accuracy of the numerical results deteriorates at low flow rates (<25 lit/min) due to 
divergence of numerical results at such flow rates. The new versions of the CFX code 
claim that they overcome the difficulty of interaction between the phases at low phase flow 
rates. 
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Figure 6.4 Comparison of void fraction distributions for air/water and steam/water bubbly flows 
through a venturi at the throat and outlet points. I 
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7.1 Conclusions 
The aim of the present work was to study the differences between gas/liquid and 
vapour/liquid systems, which involves the experimental, theoretical and numerical 
studies. The literature survey reveals that although many studies appear to confirm 
similarities in the behaviour of air/water and steam/water mixtures, others report distinct 
differences between the two systems. The parameters involved in the phenomena 
include the differences in the physical properties of the mixtures, phase changes and 
rapid bubble coalescence or collapse in steam/water flow and in air/water flow near to 
its boiling point. 
In order to establish the differences between the two systems a new test rig has been 
designed and constructed in both vertical and horizontal positions for either of a straight 
pipe or a venturi. A comprehensive set of experiments to find out the effect of liquid 
and gas/steam flow rates and temperature on the void fraction in both a normal Pipe and 
through a venturi has been carried out. The main conclusions from the experiments are 
as follows. 
The effect of bubble size should be taken into account in correlations for the void 
fraction in the bubbly flow regime. An influence can be expected as a result of the 
change in bubble rise velocity and of wall effects altering the slip velocity between 
the phases. 
In dealing with differences between air/water and stearn/water flows, the effect on 
the void fraction of increasing vapour pressure at elevated temperatures cannot be 
ignored. Without correcting for this, the experimental air/water data would show an 
excessive influence of temperature especially above 60 T. This effect becomes 
greater at either higher liquid flow rates or lower inlet gas flow rates. The modified 
volumetric flow ratio (equation [4.4]) adequately includes the effect of vapour 
pressure and hydrostatic pressure on the void fraction at higher flow rates. The 
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results also reflect a change in flow regime as temperature rises due to a sharp 
increase of bubble size with temperature. 
The recorded images show that there is less bubble clustering at higher temperatures. 
This is probably due to a weak boundary layer of the partially saturated air bubbles 
leading to rapid bubble coalescence (Figs. 4.12 and 4.13). Experimental evidence 
has shown that the change in flow regime is caused by bubble coalescence at lower 
temperature, however clustering would be affected by growth and subsequent 
coalescence as the air bubbles saturate at elevated temperatures. This phenomenon 
is more significant at greater downstream distances 
The results of the Laser Doppler Velocitometer measurement show that the local 
liquid velocity increases slightly near the centre of the pipe as gas flow rate increases 
at ambient temperature. The experiments also exhibit an increase in local liquid 
velocity, as temperature increases, particularly to the centre of the pipe at constant 
void fraction. 
Experiments in the steam/water system were found to be less reproducible, both as a 
result of rapid bubble coalescence or growth and also instability caused by rapid 
phase changes. Not unexpectedly the data show an increase of void fraction with the 
local heat load for both vertical and horizontal flows. Rapid bubble coalescence and 
collapse was observed in steam/water flow due to the high rate of heat and mass 
transfer between the phases. It was found to be more reliable and convenient always 
to decrease local heat load for measurement of void fraction in order to keep the 
flow at its saturation temperature. 
The local void fraction changes remarkably as an air/water flow passes through a 
venturi with the greatest change at the venturi throat. This shows a maximum or 
minimum peak at the throat as the liquid flow rate changes from stagnant to upflow. 
It has also been confirmed that the effect of increasing the liquid flow rate is much 
more important than changes in gas flow rate. The effect of temperature was found 
to be exactly the same as in a normal tube, but the minimum at the throat was deeper 
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at higher temperatures, particularly near to the boiling point as a result of the 
contribution of the higher vapour pressure. 
Perhaps the most distinctive behaviour of air/water and steam/water was observed at 
the throat of a venturi and beyond, where there is an abrupt increase of the void 
fraction as a result of depressurisation and subsequent flow flashing in steam/water 
flow (Fig. 4.35). The magnitude of this depends on the degree of superheat in the 
liquid phase. 
Chapter 5 presented a theoretical model for the prediction of void fraction and pressure 
drop along a heated tube. The one-dimensional model is called simplified as it is based 
on neglecting the small terms compared to the others in the governing equations. The 
solution is given by equation [5.59]. In this equation the void fraction changes due to 
the change in local pressure and temperature. The theoretical results showed that in the 
prediction of local void fraction at saturation conditions the most important parameters 
are the heat load (Fig. 5.3) and local pressure. The changes in liquid and gas densities 
are also found to be negligible. 
The results of the previous theoretical work done by Lisseter (1999) for the prediction of 
void fraction and pressure drop in the unheated tubes are also compared with the 
experimental results of chapter 4 and good accuracy was obtained. The accuracy of the 
model deteriorates at lower liquid flow rates. The theoretical results show that the 
degree of superheat is important in the prediction of the point at which the liquid phase 
turns into the vapour phase. 
Finally. comparison between equations [5.92] for the prediction of the void fraction in 
the unheated tubes (steam/water), [5.59] for the heated tubes (steam/water) and [5.93] 
for air/water (ambient temperature) show a distinctive behaviour, mainly as a result of 
phase change in steam/water system. The equations may give a guide for the design of 
the straight tubes, as they are explicit and simple to use. 
A numerical study has also been presented in chapter 6, in which only the results for 
horizontal pipe flow have been presented. The numerical studies was thought to be 
I') I Future ivork 
important as the theoretical solutions given in chapter 5 were only for one direction and 
also because more information of local parameters such as the void fraction distribution 
at different cross-sections along the pipe were of interest. The numerical results exhibit 
the difference in local void fraction at different cross-sections between air/water and 
steam/water flows. This distinctive behaviour depends on the different temperature and 
pressure distributions, reflecting the different mechanism of interphase mass and heat 
transfer (Fig. 6.4). 
7.2 Future Work 
Some general remarks and suggestions for future work are given in the following: 
OF It has been shown that void fraction effectively changes as a function of temperature 
with respect to variation of inlet volumetric flow ratio. Including the effect of 
vapour pressure in the calculation of volumetric flow ratio is generally sufficient to 
account for the effect of temperature. Nevertheless more study has to be done in 
order to extend the data for lower gas and higher liquid velocities. 
Video recorded images showed the significant effect of temperature on the 
development of the flow structure in the straight pipes. The same experiment can be 
done for the venturi described in chapter 3. It is probable that information on the 
way that bubble shape changes during flow through the venturi will give the idea of 
the way the phases interact. 
09F The dynamics of a single bubble plays a key role in the nature of air/water and 
steam/water flows. The results shown in chapter 4 present the distinctive behaviour 
of the air and steam bubbles. However more experiments need to be done. One 
possible way of doing this to study the bubble response as it passes through a venturi 
in air/water, particularly near to the boiling point. This influence should be 
established by including the effect of bubble size, shape and bubble velocity on the 
dynamics of the two-phase flow as characterised by the pressure field determinations 
mentioned above. The air bubbles have to be as small as possible, so the change in 
their shape can be recorded at the throat. 
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It has been emphasised that the behaviour of bubbles has a great influence on the 
structure of two-phase flow and interphase transport phenomena between the phases, 
including mass, heat and momentum. It is experimentally found that the bubble size 
changes with temperature at fixed flow rates. Moreover a change in bubble size has 
a significant effect on the slip velocity, as it depends on the bubble rise velocity 
(dB<3 mm). An investigation using image analysis is suggested in order to gain a 
better insight into the structure of two-phase flow at constant void fraction in order 
to confirm the results in Fig. 4.16. 
09iý' Preliminary calculations show that when two-phase flow passes through a venturi, 
slip velocity changes, particularly at the throat. This leads to a considerable change 
in void fraction at the throat. LDV (Laser Doppler Velocimeter) measurements can 
be carried out to determine how the local liquid velocity changes at specified 
locations. The slip velocity between the phases can simply be determined from the 
local liquid velocity obtained from LDV and bubble velocity obtained from image 
analysis at the same position of the pipe. 
The rate of mass transfer in a steam/water mixture is vastly higher than air/water 
flow. Accordingly, void fraction data in the axial direction will provide an excellent 
phenomenological comparison between the two systems. This will be particularly 
informative when it is carried out for both horizontal and vertical flows. 
NF' The theoretical results in chapter 5 show the reliability of the one-dimensional 
simplified model. The similar model can be developed for the constrictions such as 
venturis. 
19F As mentioned in chapter 6, the current version of CFX (4.1) was unable to cope with 
simulation of the two-phase flow at low flow rates (<25 lit/min). Another difficulty 
arises from the fact that the mass transfer coefficient between the phases was 
assumed to be constant. Therefore, the new code of CFX which it is claimed that 
has been developed to deal with such difficulties has to be used. Moreover, 
computational fluid dynamic modelling should be carried out for movement of either 
of single air or steam bubble through a venturi in the unsteady-state condition. This 
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will provide crucial validation for the numerical procedures being developed for the 
flow of single bubble through a venturi and assesses the validity of the many 
assumptions about rates of heat and mass transfer that must be made in attempting 
such computations for a single bubble and liquid systems. To match the extensive 
data that will probably be available from the experimental programme which is 
suggested above, the numerical models must include the effects of various flow 
rates, fluid properties and of bubble size. 
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APPENDIX C 
FLOW STRUCTURE OF 
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APPENDIX D 
THEORETICAL STUDY'S 
BACKGROUND 
D-1 
Changes in Void Fraction due to Changes in Pressure in Vertical 
Saturated Vapour/Liquid Flows 
This section presents a set of equations for prediction of void fraction along an unheated 
tube for saturated vapour/liquid flow. The complete derivation was presented by Dr. 
Pamela Lisseter (1999). The results of this section have already been discussed and 
compared with the experimental results in chapter 5. However the presentation of the 
complete model is thought to be indispensable here providing the background to the 
model posed in chapter 5. 
The derivation of void fraction, in this section, along an unheated tube is based on the 
set of equations presented in chapter 5 from [5.1] to [5.20]. As far as the definition of 
problem is concerned, there are two differences between that described in the following 
and in chapter 5. These involve ignoring the generation of steam bubbles due to heat 
load and that changes in the vapour density are allowed, though as mentioned before 
these changes are negligible. 
The solution procedure starts in section I of this appendix, when eight of the equations 
(Eqs. [5.2] to [5.20]) will be used to derive an expression for the local void fraction in 
terms of the local pressure. Equation [5.1 ] expresses the local pressure in terms of the 
void fraction profile downstream. Section 2 considers the pressure expression for 
vertical flow and iterates between it and the expression for the local void fraction in 
terms of the pressure to obtain explicit expressions for the void fraction and pressure in 
terms of the distance from the end of the tube. 
1. Deriving an expression for the local void fraction in terms of the 
local pressure 
A schematic diagram of the model is illustrated in Fig. 1. The boundary of the model 
starts from the top of the tube, similar to the assumptions used in chapter 5. In the 
following section, the variables that arise in the equations [5.2] to [5.20] are considered 
and estimated to derive an expression for the local void fraction in terms of the local 
pressure. This may be started by eliminating F between [5.17] and [5.18]: 
(PG6GUGA+PL6LULA)x =0 P] 
ýU# 
0 
0 
(73m 
(asr? ) 
0 
r---) 
tr)c r4A 
r-) 
qýotq 
00 00 00 0 00 e 
T 
x 
Figure I Schematic diagram of the theoretical 
model, x (direction), a (atmospheric) and 0 
(boundary conditions). 
It is then integrated and boundary conditions at some point along the tube are applied, 
where variables have values indicated by the subscripts '0'. Equations [5.20] and [5.2] 
are used and the the variable 'A' is cancelled throughout, since it is non-zero: 
(PG6G + PL (1 - F-G))UL -: (PGOF-GO + PLO (1 - 6GO))ULO [2] 
UL (PGOF-GO + PLOO - F-GO) [3] 
ULO (PG6G + PL (1 - F-G) 
This equation will be considered later. For the moment, F can again be eliminated, this 
time between [5.18] and [5.19], therefore: 
I 
(PLULF-L)x 
C' 
Tx. 
PLUL6L ULG 
[4] 
It should be pointed out that the second term in right hand side of Eq. [5.19] is 
neglected, as there is no contribution to the generation of vapour bubbles from an 
additional heat load. It is also assumed thatULGand C, are independent of pressure and 
temperature. This is reasonable as they only vary slightly over the range of values of 
pressure and temperature under consideration. The solution to 
boundary condition at the end of the tube is: 
(Cv / ULG) (T-TO) 
PLULF-L - PLOULOELO e 
Applying [5.4] into [5.2] leads to: 
UL 
- 
PLO (1-6GO) 
e(cv/ULG)(MIPa)ýO 
ULO PL (1-6G) 
[4], after applying the 
[5] 
[6a] 
D-3, 
where 
P-PO 
Po = 
Pa 
[6b] 
Now, equations [3] and [6] will be equated, and then the equation re-arranged to get the 
following expression forF- G: 
PGO 
F-GO + (1 - F-GO)(1 -e 
62ý0 
6G 
PLO 
PGO 
6GO + (1 - F-GO)(1 -e 
52ý0 (I 
-PG PLO PL 
in which 
[7] 
62 
CV 
(mlp,, ) - 0.0523 [8] ULG 
Now, in vertical flow, for small void fractions and over Im length, it can be determined 
that ýO was of order of 10-1. It is smaller over shorter lengths, as would be the region of 
bubbly flow in a boiling system (a pipe of diameter 0.0254 m is assumed). It is already 
seen that in [8] that 62 is of order of 10-2 So 62ý0 is at most of order 10-3 . Thus the 
term exp(62 po) can be expanded as a power series in 82ý0 and we can neglect terms 
which are second order in 62ý0 . Thus: 
e82 
ýo 
:: -- 1+ 62ýo + 002 ýo) 
2) 191 
I- e6-) PO -- 62ý0 
Equations [5.11 ] and [5.8] should be recalled: 
PG -PGall+YPal [11] 
PL -= PLall - 61 Pal 
[121 
where y=0(1) and 61 =0( 1 0-2). 
By the arguments given above, 61ýa is at most of order 10-3 , and may therefore 
be 
neglected in the following analysis. Thus 
PL::::::::: Constant 
In [7] there was the term PGO. From [11] this is: 
[13] 
D-4 
GO :::::::: P Gall+ 7 
1 
A new parameter can be defined as: 
I PGO 
=1+7 
Po -Pa 
R PGa Pa 
then 
PG = PGOR[R +7Po 
[15] 
[16] 
so now the term [PG/PLI may be expressed as a function of variables with the subscript 
'0'. Thus: 
PG 62 Po 
= 
PGO 
PL 
e 
PL 
RR +7p o +82PO [17] 
In this expression, 62ý0 may be neglected because it is much smaller than the other 
terms and considering the new definition: 
60 = 
PGO 
PLO 
and substituting [9], [10], [17] and [ 18] into [7] lead to: 
EG 
Po -Pa 
Pa 
6OF-GO - (1 - 6GO)62 Po 
606GO +(1-F-GO) - 62 po + 6OR( 
I+y 
R 
If the numerator and denominator are divided by 60, and define: 
D=62(PLa/PGa)=83.8=0(1 02) 
since 
6a=PGa/PL, = 6.24* 10-4=0(10-3) 
then 
82 
D 
PG' PLO 
60 PLa PGO 
and 
= DR 
8G - 
6GO -0-6GO)DRýo 
F- GO + (1 -8 GO) 
(- DR-po +1+ 7RýO)) 
FGO -0-6GO)DRýo 
1- (1 - 2GO)(D - y)Rýo 
[181 
[19] 
[20] 
[21] 
[22] 
[23] 
D-5 
Note that because D depends only on variables measured at atmospheric pressure, it is 
constant for a given system, whereas R represents the density of gas at the point where 
the pressure and F-Go are measured, compared with the atmospheric gas density at boiling 
point. Note also that 7 is small compared with D. Thus the effects of the expansion of 
the gas are small compared with the effects of evaporation. 
Where the pressure is measured, -po is zero, SO EG has the value F-Go as required by the 
boundary conditions. If we proceeded down the tube, in the opposite direction to the 
flow, ý0 increases, and so the second terms in both the numerator and denominator 
increase. The first term in the numerator is smaller than the first term in the 
denominator, and (D-y) is smaller than D, so the numerator will become zero before the 
denominator does. At the point at which the numerator becomes zero, evaporation is 
deemed to have started. This is when: 
6GO 
Po DR(I -F-GO) 
[24] 
Since D is fairly large (0(10)), and for bubbly flow to exist, F'GO is small (0.25 or less in 
vertical flow, unless there is much turbulence), [24] gives a fairly small value for ý0. 
This implies that the length over which bubbly flow pertains in evaporating flow may be 
quite short. 
In order for bubbly flow to exist, the second term in the numerator of Eq. [23] will be 
less than F-Go, so the second term in the denominator will be less than 1. Thus the 
denominator may binomially be expanded as: 
((l +G-F, GO )R(D - 7)-po 
6G --::: 
(6GO 
- (1 - 6GO)DR-po) 
((I 
- )2R2(1)_7)2ý2 
[25] 
6GO 0) 
+ higher order terms 
Terms of order D 3ý3 are neglected since these will be small and get: 0 
F- G= 6GO - R(I - FGO)(D - 6GO (D - y)ypo 
-2- 6GO) 
2- y)(D - 6GO (D _ 7)y2 R (I (D PO 
This will be used in the solution procedure in the forthcoming section. 
[26] 
D-6 
2. Deriving Expressions for the Local Void Fraction and Local 
Pressure in Terms of The Depth 
The pressure gradient in vertical bubbly flow is [5.1 ] in which expresses the pressure in 
terms of the void fraction. It is again assumed, as before that PL is constant. At this 
point [6] and [8] need to be recalled: 
62 PO 
F- LUL --": F- LO U Lo e [27] 
Expanding the exponential term as a power series as before, lead to the fact that it is 
reasonable to neglect the terins of order 10-3, which are the second and subsequent terms 
in the expansion (see [9]). Thus these is the approximation 
(1 
- F- G 
)U 
L =: 
(1 
- F, GO )U LO = constant [28] 
That is, the mass of gas which produces void fractions up to 0.25 (when the flow regime 
changes to slug flow) which is negligible when liquid compared with that of the liquid 
surrounding the gas. Making this assumption in [5.1 ] gives rise: 
x 
S 
f(i 
- F, 
x 
Po G)dx+cy[('-F-G) 
10 
0 
where 
S= 
PL9 
= 0(10-1 
Pa 
PL(F-LOULO) 
2 
Pa 
and if 
F- LO U LO MS 
then 
CY = 0(10-1) 
and 
D(Yý < 1. 
The second term in [29] can binomially be expanded: 
-1 
Ix 
= 
[I 
+ SG + E2 
[(1-F-G) 
0G- 
(I - FGO)-I 
[29] 
[30] 
[31] 
[32] 
[33] 
[341 
[35] 
D-7 
Then it should be iterated between [29] and [261 to obtain expressions for ý0 and F-G- It 
starts with the assumption that: 
EG I : -- EGO =constant [26] 
Subscripts ' 1,2' etc, indicate the number of the iteration, whilst '0' indicates a boundary 
condition. Substituting [361 in [29] gives: 
POI SO - 'ý'GO)x 
6G 2 :::: F-GO - (1 - F-GO )2 R(D - 6GO (D - y))sx - 
((1 
- F-GO) 
4R2 (D - 7)(D - F-GO (D _ 7))S2X 
2) 
Terms in X3 and higher are neglected, therefore: 
[37] 
[38] 
P02 = SX(I - EGO)[' + CY(I - EGO)0 + 2EGO)(D - EGO (D - 7))R]+ s2x2 
(1 -EGO) 
2 
[39] 
R(D -E GO (D - y))[I /2+ (770 - EGO) 
2R J(D 
- Ml + 2E GO )(D -E GO (D -M 
1] 
Fi 
F'G 3 GO F- GO 
)2 R(D - FGO (D - y))sx (30 - F-GO)(I + 
26GO) [(D 
- 6GO (D - y)) 
I 
I/ 2R(D - F-GO (D - 7)) + 
R(D - Al - F-GO) 
+ cTR 2 (D - F-GO (D - A(l - F-GO )2 
X'ý- (I - F-GOYR(D - F- GO (D - 7)) 13(D - 7)(1 + 2F-GO) - (D - F-GO (D - 7A 
+(T 2R3 (1 - EGO )3(l + 2F-GO )2 (D - 7) 
_(D 
- F-GO (D - 7))2 
[40] 
D-8 
03-: ":: SX (1 - F- GO) 
1+ (1 + 2F-GO)(I - 6GO)R(D - FGO (D - 7))CT + 
-CY 
20- FGO )2 (1 + 2F-GO )2 R2 (D - F-GO (D - y)) 
2 
+S 2x2 6GO) 
2R 
FI/2 + 
F-GO (D - 
'70 - F-GO)R 
3F- GO (D - 
F, GO (D - y)) + IG 
- 6GO)(1 + 2F-GO)(D - y)j 
+ CY 
2 (1 - 6GO) 
3 (1 + 26GO)R 2 
(D - F-GO (D - 7)) 
(D - 7) 
31(1+ 2FGO) 
(D - F- GO (D 7)) 
FIG4 --": F-GO - SX(I - FGO) 
2 R(D - 6GO (D - 
-S 
2x 2(l 
- F-GO )3 R(D - F-GO (D - 7)) 
1+ (1 + 2F-GO) 
(I - FGO)(D - 6GO (D - y))Rcy 
CY 2(l - F-GO )2(1+ 2FGO) 
2 
R2 (D - FIGO (D - 7))2 
I/ 2R(D - F-GO (D - y)) + 
R(D - YXI - F-GO) 
+ CY(I - F-GO)R 
2 (D - F-GO (D - y)) 
3(l - F-GO)(D - y)(I + 2F-GO) + 
RGO (D - FIGO (D - y)) 
+ CY 
2 (1 + 2FIGO) 
(1 - F-GO) 
3R3 (D - F'GO (D _ y))2 
3 
2(D - y)(I + 2F'GO) - 
(D-FIGO(D-y)) 
[41] 
[42] 
D-9 
P04 = SX(l - F-GO) 
- I,, J 
I+ (I + 2F-GO)(I - 6GO)(D - F-GO(D - y))Rcy + 
a2 (1 - F-GO) 
2 (1 + 2Fc,. ()) 
2R2 (D - F-(-n (D - -v)) 
2 
+S 2x2 (1 - EGO) 
2 R(D - EGO (D - y)) 
1/2 + cy(I -F-GO)R 
38GO (D - 6GO (D - y)) 
+ (I - 6GO)(1 + 26GO)(D - y) 
+a20- F-GO )2 R2 (1 + 26GO) 
(D -F- GO (D - y)) 
i 
1) 11 "J%J /\ I/\- - --%-Jul I (I - 6, -,, )(D - -v)(I + 2F!,, ) -I 
(1/ 2- 26GO)(D - 6GO (D - 
F-G5 - F-GO - SX(l - F-GO) 
2 R(D - F'GO (D - 7)) 
1+ (1 + 26GO)(1 - EGO) 
R(D - EGO (D - y))a + 
CY 
20- 
EGO )2 (1 + 2EGO) 2 
R2 (D - EGO (D _ 7))2 
I/ 2R(D - EGO (D - y)) + 
R(D - 7)(1 - EGO) 
+ GO - EGO)R 
2 (D - EGO (D -M 
-S 
2x2 (1 - EGO) 
3 R(D - EGO (D - 
3EGO(D-8GO(D-7))+ 
3(D - 7)(1 - EGO)(' + 2EGO) 
+ CY 
2 (1 EGO )2 R3 (D - 
EGO (D M2 (I + 26GO) 
2(l - EGO)(D - 7)(1 + 2EGO) - 
31(1/ 2- 2EGO) 
(D - EGO (D - y)) 
[43] 
[44] 
Further iterations confirm that the expressions for F-G and ýO have converged to terms in 
x2 and cy 2, neglected terms being small for liquid fluxes not greater than approximated 
by [32]. Thus [43] and [44] are the solutions forýo and SG- 
D-10 
I Obtaining the Void Fraction at a Given Pressure and its 
Distance from the Boiling Boundary 
in this section the aim is to derive some results which may be compared with the 
experimental data. The first stated description of the problem needs to be recalled, in 
which the fluid entering the start of the tube is at a given temperature, TI. say, and that 
the pressure is above that which would allow boiling, which is 
T, 
PI =--cl [45a] 
Ml 
where 
ml= 2.568* 10-4 
and 
[45b] 
c, = 2.88* 105 [45c] 
Here the subscript '1' is used to indicate values at saturation conditions. T, is in degrees 
Celsius rather than Kelvin. 
Now the aim is to know what the void fraction is at a given pressure, po, further down 
the tube. The subscript '0' refers to values of variables at this pressure. If the void 
fraction at this po is CGO, then the void fraction is zero when the pressure is p I, and thus 
when: 
PI -Po 
Pa 
At this value of p, [5.43] gives that 
6GO - 
DRýj 
I+ DRýj 
Where 
DR - 
PLO Cy 
MIN 
PGO ULG 
[46] 
[47] 
[48] 
and where PLo and PGO are defined for the pressure po, under boiling conditions. 
The distance of the position where the pressure is po from the boiling boundary is then 
given by the variable xj. The first two terms of the expansion of the pressure are taken 
in [43] for vertical flow then the approximation can be made as: 
D-1 I 
2 
p, =bxl +ax, [49] 
where 
b= s(I 
I+ (I + 2F-GO)(I - FIGO)R(D - 6GO (D - 7))cy + [501 - ýý- GO ) 
CY ') (I + 2F-GO )2(l - EGO )2 R2 (D - 6GO (D - 7)) 
2 
( 
s2 (1 - 6GO )2 R(D - F-GO (D - 7)) 
36GO (D - 6GO (D - 
1/2+a(l-6GO)R +(D-y) I 
(I - F-GOM + 2F-GO) 
+CT 2 (1 + 2F-GO)(1 - F-GO )2 R2 
(D - y)(I - F-GO) 
(I + 2E;,, ) -I / T-% / T--% \\n I\ (Ij - E; (--n (IJ -'Y)). J "I/1/'II 
PL09 
1) 7=5.48 
* 10-6 Pa 
(112 - 2-F-GO) 
(D - FIGO (D - 
CY - 
PLO 
(F-GOUI, O)' [52] 
Pa PGa Pa 
Then, to find xj, [49] has to be solved as: 
XI 
I 
2a 
- b+ b2+ 4a 
1\ 
I 
[53] 
[51] 
The above equation gives the point in which the saturated liquid phase turns to the 
boiling. This model is validated in chapter 5 with the steam/water experimental data 
obtained in chapter 4. 
APPENDIX E 
EXPERIMENTAL DATA 
E-1 
Experimenfal Dafa Files Idenfificafion 
Vertical Horizontal 
Normal Temp. Normal Temp. 
AirfWater VA VN HA HN 
Steam/water VB HB 
Pressure drop (single) Vc VP HC HP 
Pressure drop(Air[Water) VD VQ HD HQ 
Pressure drop(Steam/Water) VE HE 
Air/water through the Venturi VF VS HF HS 
Steam/water through Venture VG HG 
Calibration (Full) VH VU HH HU 
Calibration (Empty) VI HI 
Calibration (Full, Venturi) vi VW HJ HW 
Calibration (Empty, Venturi) VK HK 
Air/Water (Normal several positions) VL VY HL HY 
SteamfWater (Normal several positions) VM HM 
Flow pattern (Air/Water) FA FB 
Flow pattern (Steam/Water) FS 
Files Format: 1 01 9 VA 01 Xxx 
Month Day Year ID No. Extention 
L/D=35 
PMix Q, (lit/min) 
Temperature 
(0c) Qg (lit/min) ID 
0.969 4.5411 21.7 0.157 1297va0l. dat 
0.96 4.5479 21.6 0.2155 1297vaO2. dat 
0.95 4.5546 21.7 0.2595 1297vaO3. dat 
0.941 4.5335 21.8 0.3133 1297vaO4. dat 
0.932 4.5553 21.7 0.3569 1297vaO5. dat 
0.923 4.5511 21.8 0.4114 1297vaO6. dat 
0.912 4.5407 21.8 0.4645 1297vaO7. dat 
0.904 4.5531 21.7 0.5108 1297vaO8. dat 
0.896 4.5572 21.8 0.5564 1297vaO9. dat 
0.884 4.5486 21.7 0.6131 1297val O. dat 
0.874 4.5482 21.7 0.6629 1297val Il. dat 
0.865 4.5642 21.7 0.7123 1297val2. dat 
0.847 4.5666 21.7 0.8114 1297val Mat 
0.828 4.5762 21.6 0.9093 1297val4. dat 
0.81 4.5708 21.6 1.0082 1297val 5. dat 
0.792 4.5696 21.6 1.115 1297val6. dat 
0.756 4.5621 21.6 1.3141 12 97va 17. d at 
0.721 4.5648 21.6 1.5114 12 97va 18. d at 
0.685 4.5705 21.5 1.7127 1297va 19. d at 
0.638 4.5779 21.5 2.0117 1297va2O. dat 
0.563 4.588 21.4 2.5222 1297va2l. dat 
0.498 4.5942 21.4 3.0285 1297va22. dat 
0.455 4.6022 21.4 3.4678 1297va23. dat 
0.425 4.6047 21.4 4.0276 1297va24. dat 
0.424 4.5992 21.4 4.4235 1297va25. dat 
0.427 4.6002 21.3 4.6394 1297va26. dat 
0.422 4.6094 21.3 5.5276 1297va27. dat 
0.367 4.6066 21.3 7.0388 1297va28. dat 
0.979 7.8688 21.6 0.1552 1297va29. dat 
0.972 7.8854 21.6 0.2092 1297va3O. dat 
0.966 7.8744 21.6 0.2551 1297va3l. dat 
0.959 7.8888 21.5 0.3119 1297va32. dat 
0.952 7.8767 21.5 0.3597 1297va33. dat 
0.945 7.8894 21.4 0.4165 1297va34. dat 
0.928 7.5949 21.4 0.5133 1297va35. dat 
0.914 7.4153 21.4 0.6017 1297va36. dat 
0.901 7.4135 21.4 0.7078 1297va37. dat 
0.89 7.8732 21.4 0.8117 1297va38. dat 
0.878 7.8914 21.4 0.9087 1297va39. dat 
0.864 7.8758 21.4 1.0091 1297va4O. dat 
0.851 7.8397 21.3 1.1091 1297va4l. dat 
0.837 7.8404 21.4 1.2105 1297va42. dat 
E-3 
0.823 7.8486 21.3 1.3069 1297va43. dat 
0.795 7.8382 21.3 1.516 1297va44. dat 
0.77 7.8391 21.3 1.7145 1297va45. dat 
0.732 7.8509 21.3 2.0119 1297va46. dat 
0.673 7.8537 21.3 2.5214 1297va47. dat 
0.618 7.8786 21.2 3.0232 1297va48. dat 
0.515 7.9133 21.2 4.2871 1297va49. dat 
0.493 7.919 21.2 4.7104 1297va5O. dat 
0.475 7.9212 21.1 5.3313 1297va5l. dat 
0.467 7.9063 21.1 5.9744 1297va52. dat 
0.348 7.9106 21.1 9.7092 1297va53. dat 
0.994 14.6453 21.5 0.1573 1307va0l. dat 
0.99 14.6471 21.4 0.2083 1307vaO2. dat 
0.987 14.6369 21.3 0.2519 1307vaO3. dat 
0.984 14.6543 21.2 0.3071 1307vaO4. dat 
0.974 14.661 21.1 0.4106 1307vaO5. dat 
0.967 14.6762 20.8 0.5106 1307vaO6. dat 
0.957 14.6714 20.8 0.6089 1307vaO7. dat 
0.948 14.6294 20.6 0.712 1307vaO8. dat 
0.941 14.6176 20.6 0.8165 1307vaO9. dat 
0.926 13.9758 20.5 0.9109 1307val O. dat 
0.919 14.049 20.4 1 . 
0108 1307val l. dat 
0.908 13.8719 21.3 1.1097 1307val2. dat 
0.89 13.9807 21.2 1.3159 1307val 3. d at 
0.876 14.6251 20.9 1.5123 1307val4. dat 
0.859 14.5772 20.8 1.7138 1307val 5. dat 
0.829 14.0112 20.9 2.013 1307val6. dat 
0.785 14.0402 20.8 2.5224 1307val7. dat 
0.743 14.0526 20.7 3.0226 1307va2O. dat 
0.704 14.0474 20.6 3.5355 1307va 19. d at 
0.668 14.0384 20.6 4.0342 1307va2O. dat 
0.635 14.0161 20.6 4.5258 1307va2l. dat 
0.599 14.0297 20.5 5.1317 1307va22. dat 
0.543 14.0634 20.5 6.5506 1307va23. dat 
0.509 14.0376 20.5 7.3517 1307va24. dat 
0.476 14.1544 20.4 8.5484 1307va25. dat 
0.367 14.1173 20.5 11.898 1307va26. dat 
0.999 21.5391 20.5 0.1564 1307va26. dat 
0.997 21.5089 20.4 0.2098 1307va27. dat 
0.991 21.5415 20.4 0.3001 1307va28. dat 
0.983 21.5554 20.5 0.4103 1307va29. dat 
0.978 21.5082 20.5 0.5059 1307va3O. dat 
0.971 21.5023 20.5 0.6061 1307va32. dat 
0.965 21.5233 20.5 0.7076 1307va33. dat 
0.958 21.4816 20.6 0.8139 1307va34. dat 
0.952 21.5131 20.6 0.9034 1307va35. dat 
0.946 21.5069 
- 
20.6 1.0142 1307va36. dat 
0 ! -ý .9 
278 --Hl. ý 20.7 1.1157 1 1307va37. dat 
E-4 
0.926 21.5709 20.8 1.3144 1307va38. dat 
0.91 21.4859 20.8 1.5145 1307va39. dat 
0.899 21.415 20.8 1.7132 1307va4O. dat 
0.88 21.5054 21.3 2.0111 1307va4l. dat 
0.847 21.4895 21.9 2.5169 1307va42. dat 
0.816 21.4695 22.3 3.0214 1307va43. dat 
0.784 21.4039 22.4 3.5349 1307va44. dat 
0.753 21.241 22.7 4.0221 1307va45. dat 
0.641 20.1053 23 5.8647 1307va46. dat 
0.518 20.1367 23.2 9.2552 1307va47. dat 
0.439 19.0061 23.3 11.589 1307va48. dat 
0.999 27.5336 22.5 0.1591 1307va49. dat 
1 27.4349 22.2 0.2067 1307va5O. dat 
0.993 27.4736 22 0.3055 1307va5l. dat 
0.988 27.4562 21.5 0.4116 1307va52. dat 
0.983 27.4739 21.3 0.519 1307va53. dat 
0.979 27.4357 21 0.6072 1307va54. dat 
0.973 27.4622 21 0.7111 1307va55. dat 
0.967 27.4194 21 0.8154 1307va56. dat 
0.963 27.424 21.1 0.9113 1307va57. dat 
0.957 27.3799 21.1 1.0114 1307va58. dat 
0.953 27.3559 21.1 1.1186 1307va59. dat 
0.943 27.2853 21.2 1.3149 1307va6O. dat 
0.933 27.3387 21.2 1.5182 1307va6l. dat 
0.924 27.3858 21.3 1.7131 1307va62. dat 
0.907 27.3404 21.4 2.0176 1307va63. dat 
0.881 27.2639 21.6 2.5187 1307va64. dat 
0.851 27.122 22.9 3.018 1307va65. dat 
0.82 26.4352 23.2 3.5261 1307va66. dat 
0.802 27.1663 23 4.0258 1307va67. dat 
0.73 26.9161 22.8 5.5492 1307va68. dat 
0.669 26.6857 23.2 7.0333 1307va69. dat 
1.003 33.5169 20.9 0.1551 1307va7O. dat 
1.001 33.564 20.9 0.2087 1307va7l. dat 
0.996 33.5314 20.9 0.305 1307va72. dat 
0.992 33.4933 20.9 0.4093 1307va73. dat 
0.987 33.471 20.9 0.5204 1307va74. dat 
0.979 33.4629 21 0.7022 1307va75. dat 
0.97 33.3574 21 0.9151 1307va76. dat 
0.961 33.3009 21 1.1191 1307va77. dat 
0.955 33.2738 21 1.3139 1307va78. dat 
0.943 33.2948 21.2 1.5131 1307va79. dat 
0.924 33.2655 21.2 2.0224 1307va8O. dat 
0.879 32.9278 21.6 3.0258 1307va8l. dat 
0.83 31.6865 22.1 4.0425 1307va82. dat 
E-5 
L/D=35 
PMix Q1 (lit/min) Temperature 
(0c) 
Qg (lit/min) 
0.958 3.1645 23.8 0.155 gl 17vn0l. dat 
0.947 3.173 23.8 0.2077 g1 17vnO2. dat 
0.933 3.1879 23.9 0.2531 gl 17vnO3. dat 
0.921 3.1888 23.8 0.3125 gl 17vnO4. dat 
0.902 3.1832 23.9 0.415 gl 17vnO5. dat 
0.875 3.1372 23.7 0.5198 gl 17vnO6. dat 
0.851 3.149 23.7 0.6121 g1 17vnO7. dat 
0.827 3.1667 23.5 0.7147 gl 17vnO8. dat 
0.804 3.1487 23.6 0.8141 gl 17vnO9. dat 
0.758 3.1703 23.5 1.0132 g117vn1O. dat 
0.708 3.1828 23.5 1.2599 gl 17vnl 1. dat 
0.657 3.1969 23.4 1.5171 g1 17vn12. dat 
0.618 3.1725 23.4 1.7645 g1 17vn 1 Mat 
0.587 3.1755 23.5 2.0128 gl 17vn14. dat 
0.55 3.2045 23.4 2.5203 g1 17vn 1 5. dat 
0.934 3.0739 47.5 0.1568 g 11 7vn 1 6. dat 
0.92 3.0671 47.6 0.211 gl 17vn17. dat 
0.907 3.0706 47.5 0.2598 gl 17vn18. dat 
0.891 3.0781 47.5 0.313 gl 17vn19. dat 
0.864 3.0614 47.9 0.4166 gl 17vn2O. dat 
0.832 3.0565 47.8 0.5264 g1 17vn2l. dat 
0.811 3.0815 48.6 0.609 g1 17vn22. dat 
0.789 3.0546 48.7 0.7165 gl 17vn23. dat 
0.766 3.0604 48.6 0.8141 gl 17vn24. dat 
0.762 3.0862 48.1 0.9187 gl 17vn25. dat 
0.741 3.0795 47.8 1.0062 gl 17vn26. dat 
0.707 3.081 47.5 1.2572 gl 17vn27. dat 
0.662 3.0932 47.2 1.5208 gl 17vn28. dat 
0.622 3.0849 47.1 1.7719 gl 17vn29. dat 
0.588 3.0817 46.4 2.0305 gl 17vn3O. dat 
0.556 3.1067 46.2 2.5206 
- 
gl 17vn3l. dat 
0.912 3.0424 61.5 0.1527 
- 
gl 17vn32-dat 
0.895 3.0238 61.2 0.2086 gl 17vn33. dat 
0.866 3.0205 61 0.306 g1 17vn34. dat 
0.834 3.0174 60.9 0.4093 
- 
gl 17vn35. dat 
0.813 3.0177 60 0.5063 gl 17vn36. dat 
0.791 3.0164 59.4 0.6095 gl 17vn37. dat 
0.77 3.0163 59.2 0.7208 
- 
g1 17vn38. dat 
0.743 3.0147 62.5 0.8008 g1 17vn39. dat 
0.694 3.0219 61.7 1.0146 g1 17vn4O. dat 
0.66 3.0242 61.1 1.2632 gl 17vn4l. dat 
0.621 3.0439 60.2 1.511 gl 17vn42-dat 
0.587 3.0454 59.9 1.7672 gl 17vn43. dat 
0.566 3.04 59 2.0149 g1 17vn44. dat 
E-6 
0.508 3.044 62.4 2.5219 gl 17vn45. dat 
0.884 2.9738 74 0.1557 gl 17vn46. dat 
0.856 2.9834 76.6 0.2095 gl 17vn47. dat 
0.822 3.0098 76 0.3074 gl 17vn48. dat 
0.785 2.9922 76.1 0.4149 gl 17vn49. dat 
0.752 2.9857 75.6 0.5151 gl 17vn5O. dat 
0.737 3.002 74 0.6092 gl 17vn5l. dat 
0.71 2.9965 74 0.7175 gl 17vn52. dat 
0.66 2.9907 77.5 0.8188 gl 17vn53. dat 
0.628 2.9976 75.8 1.0284 gl 17vn54. dat 
0.595 3.0013 74.6 1.2653 gl 17vn55. dat 
0.58 3.0097 73.9 1.5189 gl 17vn56. dat 
0.515 3.0221 76 1.7598 gl 17vn57. dat 
0.49 3.0128 76.8 2.0053 gl 17vn58-dat 
0.447 3.04 75.4 2.5203 gl 17vn59. dat 
0.799 2.9932 89.6 0.156 gl 17vn6O. dat 
0.783 2.9673 88.6 0.2087 gl 17vn6l. dat 
0.738 2.9821 88.2 0.3065 gl 17vn62-dat 
0.655 2.9993 90.9 0.4052 gl 17vn63. dat 
0.628 3.0068 90.3 0.512 gl 17vn64. dat 
0.618 3.0021 88.3 0.6058 gl 17vn65. dat 
0.586 3.0045 89.5 0.7194 gl 17vn66. dat 
0.557 3.0113 89.2 0.8155 gl 17vn67. dat 
0.521 3.0136 88.2 1.0179 gl 17vn68. dat 
0.468 3.0284 90.1 1.2675 gl 17vn69. dat 
0.452 3.0471 88 1.5096 gl 17vn7O. dat 
0.403 3.0616 89.8 1.7624 gl 17vn7l -dat 0.393 3.053 88.2 2.0136 gl 17vn72-dat 
0.35 3.0628 87.7 2.5201 gl 17vn73. dat 
0.668 3.0005 96.6 0.1606 gl 17vn74-dat 
0.688 2.9784 94.7 0.2113 gl 17vn75. dat 
0.596 2.9971 95.8 0.3138 gl 17vn76. dat 
0.524 3.0257 96.3 0.4125 gl 17vn77. dat 
0.548 3.0122 94 0.5117 gl 17vn78. dat 
0.482 3.0073 95.2 0.6057 gl 17vn79. dat 
0.435 3.0102 95.7 0.7139 gl 17vn8O. dat 
0.384 3.0323 96.1 0.7969 gl 17vn8l. dat 
0.376 3.0487 94.9 1.0099 gl 17vn82. dat 
0.37 3.0192 93.9 1.2614 gl 17vn83. dat 
0.306 3.0392 95 1.5174 
- 
gl 17vn84. dat 
0.255 3.0274 95.4 1.7715 
- 
gl 17vn85. dat 
0.23 3.0521 95.5 2.0117 gl 17vn86. dat 
0.183 3.0602 95.2 2.5215 gl 17vn87. dat 
0.974 6.4094 23.5 0.1569 gl27vn0l. dat 
0.968 6.415 23.5 0.2066 g1 27vn 02. d at 
0.95 6.4352 23.5 0.3134 gl27vnO3. dat 
0.939 6.9928 23.4 0.4085 27vnO4. dat 
0.921 6.9751 23.4 0.5157 gl27vnO5. da 
E-7 
0.906 6.9979 23.3 0.618 gl27vnO6. dat 
0.877 7.0073 
- 
23.2 0.8121 gl27vnO7. dat 
0.845 7.0117 23.2 1.0185 gl27vnO8. dat 
0.806 7.0252 23.2 1.2702 gl27vnO9. dat 
0.77 7.0296 23.1 1.5211 gl 27vnl O. dat 
0.7 7.0264 - 23 2.0199 g1 27vn 1 l. dat 
0.638 7.0327 23.1 2.5231 gl27vnl2. dat 
0.576 7.0494 23.1 3.0218 gl 27vnl 3. dat 
0.452 7.0727 23 5.4054 gl27vnl4. dat 
0.956 6.9165 46.9 0.1557 gl 27vnl 5. dat 
0.944 6.935 46.6 0.2099 gl 27vnl 6. dat 
0.929 6.8938 46.5 0.3099 gl27vnl7. dat 
0.91 6.9306 46.4 0.4063 gl 27vnl 8. dat 
0.891 6.9263 46.2 0.5194 g1 27vn 1 9. dat 
0.872 6.9284 46.1 0.6231 gl27vn2O. dat 
0.84 6.9377 45.8 0.8057 gl27vn2l. dat 
0.804 6.9695 45.6 1.0116 gl27vn22. dat 
0.762 6.9902 45.4 1.2634 gl27vn23. dat 
0.726 6.993 45.3 1.5161 gl27vn24. dat 
0.671 6.9903 45.1 2.0129 gl27vn25. dat 
0.63 7.021 44.9 2.5199 gl27vn26. dat 
0.597 7.0145 44.6 3.0185 gl27vn27. dat 
0.513 7.0246 44.4 4.0711 gl27vn28. dat 
0.937 6.9109 59.6 0.1562 gl27vn29. dat 
0.927 6.9268 59.4 0.2107 gl27vn3O. dat 
0.906 6.9059 59.2 0.3098 gl27vn3l. dat 
0.883 6.916 59.8 0.4134 gl27vn32. dat 
0.862 6.9175 60.2 0.5043 gl27vn33. dat 
0.845 6.9201 59.1 0.6133 gl27vn34. dat 
0.77 6.9251 60 1.0032 gl27vn36. dat 
0.741 6.9451 59.2 1.2585 gl27vn37. dat 
0.708 6.9494 59.3 1.5244 gl27vn38. dat 
0.644 6.9509 59.6 2.0124 gl27vn39. dat 
0.584 6.9825 59.7 2.5247 gl27vn4O. dat 
0.545 7.001 59.3 3.0192 gl27vn4l. dat 
0.909 6.3638 73.7 0.1589 gl27vn42. dat 
0.888 6.3811 75.5 0.2099 gl27vn43. dat 
0.864 6.3781 74.2 0.3052 gl27vn44. dat 
0.83 6.3673 75.3 0.4147 gl27vn45. dat 
0.811 6.3501 74.8 0.5091 gl27vn46. dat 
0.792 6.385 73.8 0.6116 gl27vn47. dat 
0.739 6.3916 75.8 0.8118 g1 27vn48. dat 
0.699 6.4177 75 1.0087 gl27vn49. dat 
0.658 6.4275 74.5 1.2672 gl27vn5O. dat 
0.605 6.4245 73.7 1.5164 gl27vn5l. dat 
0.547 6.4469 76.1 2.0169 g1 27vn52. dat 
0.499 6.4564 75.2 2.5147 27vn53. dat 
0.471 6.4695 74.5 3.0188 gl27vn54. dat 
E-8 
0.848 6.4003 88.5 0.1549 gl27vn55. dat 
0.822 6.4 88.6 0.2093 gl27vn56. dat 
0.779 6.4108 88.4 0.3032 gl27vn57. dat 
0.716 6.4504 90.4 0.4122 gl27vn58. dat 
0.695 6.457 89 0.52 gl27vn59. dat 
0.656 6.4654 88.3 0.6106 gl27vn6O. dat 
0.599 6.4725 89.9 0.8136 gl27vn6l. dat 
0.56 6.4985 89.8 1.0145 gl27vn62. dat 
0.522 6.4969 88.4 1.2692 gl27vn63. dat 
0.491 6.4766 88.5 1.5057 gl27vn64. dat 
0.414 6.4954 88.9 2.0114 gl27vn65. dat 
0.378 7.0265 88.7 2.5234 gl27vn66. dat 
0.352 7.0808 88.4 3.024 gl27vn67. dat 
0.777 6.8983 94.8 0.1535 gl27vn68. dat 
0.723 6.869 95.7 0.2092 gl27vn69. dat 
0.693 6.9049 94.5 0.3101 gl27vn7O. dat 
0.618 6.9128 95.3 0.4092 gl27vn7l. dat 
0.62 6.9139 93.8 0.5173 gl 27vn72. dat 
0.548 6.9265 95.4 0.6107 gl27vn73. dat 
0.528 6.9748 93.7 0.8131 gl27vn74. dat 
0.464 6.5559 94.1 1.0169 gl27vn75. dat 
0.407 6.9686 95.1 1.2656 gl27vn76. dat 
0.407 7.0083 93.8 1.5134 gl27vn77. dat 
0.305 7.0194 94.6 2.0137 gl27vn78. dat 
0.299 7.0409 93.3 2.5215 gl27vn79. dat 
0.255 7.0363 93.7 3.0188 gl27vn8O. dat 
0.978 10.4941 25 0.2082 gl77vn0l. dat 
0.969 10.4652 24.8 0.3077 gl 77vnO2. dat 
0.955 10.4584 24.7 0.4066 g1 77vnO3. dat 
0.943 10.4529 24.3 0.5107 gl77vnO4. dat 
0.932 10.4715 24.1 0.6033 gl77vnO5. dat 
0.908 10.4599 23.6 0.8206 gl77vnO6. dat 
0.886 10.4479 23.4 1.011 gl77vnO7. dat 
0.857 10.4696 23.2 1.2612 gl77vnO8. dat 
0.827 10.4396 22.9 1.5154 gl 77vnO9. dat 
0.801 10.4681 22.7 1.7642 g1 77vn 1 O. dat 
0.772 10.5041 22.6 2.0197 gl77vnl l. dat 
0.745 10.517 22.5 2.2743 gl77vnl2. dat 
0.72 10.5029 22.4 2.5164 g1 77vn 1 3. dat 
0.696 10.5345 22.4 2.763 gl77vnl4. dat 
0.669 10.5616 22.2 3.025 g1 77vn 1 5. dat 
0.624 10.5407 22.1 3.5287 g1 77vn 1 6. dat 
0.583 10.6118 22 4.027 g1 77vn 1 Tdat 
0.462 10.551 21.9 6.4789 g1 77vn 1 8. dat 
0.964 10.9263 44.4 0.209 g1 77vn 1 9. dat 
0.949 10.9403 44.4 0.3139 gl77vn2O. dat 
0.939 10.9543 44.4 0.4109 gl77vn2l. dat 
0.924 10.993 44.4 0.5164 g1 77vn22. dat 
E-9 
0.911 10.9812 44.5 0.6063 gl 77vn23. dat 
0.884 11.0121 44.4 0.8189 gl77vn24. dat 
0.857 11.0184 44.4 1.0153 gl77vn25. dat 
0.827 11.0417 44.4 1.2665 g1 77vn26. dat 
0.795 11.0636 44.4 1.5207 gl77vn27. dat 
0.765 11.0585 44.4 1.7651 g1 77vn28. dat 
0.736 11.0535 44.3 2.0079 gl77vn29. dat 
0.705 11.0564 44.4 2.2619 gl77vn3O. dat 
0.68 11.0656 44.3 2.5175 gl77vn3l. dat 
0.656 11.0585 44.5 2.7783 g1 77vn 32. d at 
0.633 11.0459 44.4 3.0228 gl 77vn33. dat 
0.6 11.0561 44.5 3.5261 g1 77vn 34. dat 
0.577 11-0376 44.4 4.025 gl77vn35. dat 
0.513 11.0577 44.5 5.155 gl77vn36-dat 
0.944 10.5242 59.1 0.2097 gl77vn37. dat 
0.928 10.5219 59 0.3104 gl 77vn38. dat 
0.911 10.4754 59.5 0.4162 gl 77vn39. dat 
0.898 10.6248 59.2 0.5091 g1 77vn4O. d at 
0.88 10.5546 59 0.6086 gl77vn4l. dat 
0.847 10.6545 59.2 0.8218 gl77vn42. dat 
0.818 10.6313 58.9 1.0135 gl77vn43. dat 
0.783 10.9228 59 1.2664 gl77vn44. dat 
0.75 10.6803 59 1.5206 g1 77vn45. d at 
0.721 10.9445 59.2 1.765 g1 77vn46. d at 
0.698 10.9546 59.1 2.013 gl77vn47. dat 
0.676 10.9665 59.2 2.2699 gl77vn48. dat 
0.658 10.9765 59.2 2.5108 gl 77vn49. dat 
0.633 10.9605 59 2.7661 gl77vn5O. dat 
0.611 10.9737 59.2 3.0252 gl 77vn5l. dat 
0.564 10.9903 59.3 3.5253 g1 77vn 52. d at 
0.536 10.9954 59.4 4.0194 gl77vn53. dat 
0.917 10.9795 73.9 0.2144 gl77vn54. dat 
0.899 10.9722 74.2 0.3077 gl77vn55. dat 
0.874 10.9801 74.7 0.4183 gl77vn56. dat 
0.856 10.9836 73.9 0.5099 g1 77vn 57. d at 
0.832 10.9424 75 0.6094 gl 77vn58. dat 
0.8 11.0054 74.1 0.8107 gl77vn59. dat 
0.765 10.9149 74 1.0026 gl77vn6O. dat 
0.724 10.5257 74.5 1.2716 g1 77vn6 1. dat 
0.684 10.8122 74.3 1.5176 gl77vn62. dat 
0.656 10.7524 73.6 1.7653 g1 77vn63. dat 
0.619 11.0113 75.1 2.0186 g1 77vn64. dat 
0.569 11.0026 74.4 2.5237 gl77vn65. dat 
0.523 10.9966 73.7 3.0203 gl77vn66. dat 
0.863 10.9573 88.2 0.2114 gl77vn67. dat 
0.821 10.9845 89.2 0.3106 gl77vn68. dat 
0.798 10.9967 88.4 0.4103 g1 77vn69. dat 
0.759 10.9841 89.2 0.5173 gl77vn7O. dat 
E-10 
0.735 11.0094 88.6 0.6164 gl77vn7l. dat 
0.681 11.0257 88.6 0.822 g1 77vn 72. d at 
0.635 11.0319 88.4 1.0221 gl 77vn73. dat 
0.576 11.0711 89.2 1.2658 gl77vn74. dat 
0.554 11.0568 88.4 1.5083 gl77vn75. dat 
0.474 11.0941 89 2.0163 gl77vn76. dat 
0.44 11.1466 88.3 2.5198 g1 77vn77. d at 
0.377 11.1348 89.6 3.0248 g1 77vn78. dat 
0.819 10.975 93.2 0.2154 g1 77vn 79. d at 
0.777 10.977 93.1 0.3086 gl77vn8O. dat 
0.703 1 10.9556 94.5 0.4108 gl77vn8l. dat 
0.694 11-0151 93.2 0.5175 gl77vn82. dat 
0.65 11.023 93.8 0.6175 g1 77vn83. dat 
0.592 11-0118 93.7 0.8033 gl77vn84. dat 
0.556 11.0553 93.2 1.0067 gl77vn85. dat 
0.467 11.0404 94.3 1.2763 gl77vn86. dat 
0.469 11.095 92.8 1.5125 gl77vn87. dat 
0.375 11.0699 93.8 2.0174 gl77vn88. dat 
0.351 11.0962 92.9 2.5223 gl77vn89. dat 
0.301 11.1057 93.5 3.0179 g1 77vn 90. d at 
0.991 14.9278 21.6 0.2009 gl97vn0l. dat 
0.98 14.955 21.6 0.3157 g1 97vn 02. d at 
0.974 14.9287 21.6 0.4078 gl 97vnO3. dat 
0.963 14.9348 21.6 0.5139 gl 97vnO4. dat 
0.954 14.9804 21.5 0.6155 g1 97vn 05. d at 
0.938 14.9748 21.6 0.8099 g1 97vn 06. d at 
0.918 14.9742 21.5 1.0131 g1 97vn 07. d at 
0.893 14.9905 21.4 1.2742 g1 97vn 08. d at 
0.873 14.8753 21.2 1.5185 g1 97vnO9. dat 
0.851 14.9288 21.2 1.7621 gl97vnlO. dat 
0.83 14.9739 21.1 2.0187 g1 97vn 1 l. dat 
0.788 14.9678 21.1 2.5303 gl97vnl2. dat 
0.744 14.9651 21 3.0245 gl97vnl3. dat 
0.706 14.953 21 3.5293 g1 97vn 1 4. dat 
0.669 14.9931 21 4.0399 gl97vnl5. dat 
0.488 15.0063 21 7.7169 gl97vnl6. dat 
0.972 14.9016 44.3 0.2122 g1 97vn 17. dat 
0.959 14.941 44.4 0.3184 g1 97vn 18. dat 
0.95 14.9508 44.3 0.4085 g1 97vn 1 9. dat 
0.942 14.9207 44.4 0.5086 g1 97vn2O. dat 
0.93 14.943 44.4 0.6206 g1 97vn2 1. dat 
0.909 14.9454 44.4 0.8184 g1 97vn 22. d at 
0.887 14.982 44.4 1.0199 gl 97vn23. dat 
0.863 14.9626 44.4 1.2696 gl 97vn24. dat 
0.838 14.9621 44.3 1.5159 gl 97vn25. dat 
0.809 14.9702 44.3 1.7704 g1 97vn26. dat 
0.786 14.9815 44.4 2.0182 g1 97vn27. d at 
0.738 14.9831 44.4 2.5225 g1 97vn28. dat 
E-11 
0.693 14.9805 44.4 3.0252 7vn29. dat g 
0.65 14.9611 44.4 3.5398 - g1 97vn3O. dat 
0.617 14.9968 44.4 4.0319 gl97vn3l. dat 
0.52 15.0524 44.3 5.9943 g1 97vn32. dat 
0.956 14.9286 59.3 0.2111 g1 97vn33. dat 
0.942 14.5886 59.4 0.3172 gl97vn34. dat 
0.929 14.5413 59 0.4184 gl97vn35. dat 
0.916 14.5763 59.4 0.5172 g1 97vn 36. d at 
0.906 14.7291 59.1 0.6159 g1 97vn37. dat 
0.877 14.6055 59.2 0.826 gl97vn38. dat 
0.853 14.6316 59.3 1.0159 g1 97vn39. dat 
0.822 14.4215 59 1.2662 g1 97vn4O. d at 
0.792 14.4329 59 1.5185 gl97vn4l. dat 
0.759 14.4013 59.5 1.7729 g1 97vn42. d at 
0.736 14.4178 58.9 2.0143 g1 97vn43. d at 
0.783 10.9228 59 1.2664 g1 77vn44. d at 
0.75 10.6803 59 1.5206 g1 77vn4 5. d at 
0.721 10.9445 59.2 1.765 g1 77vn46. d at 
0.582 14.4291 59.3 4.033 g1 97vn47. dat 
0.932 14.4735 74 0.2106 g1 97vn48. dat 
0.912 14.4657 73.8 0.3155 g1 97vn49. dat 
0.894 14.4703 74.3 0.4186 gl97vn5O. dat 
0.879 14.4602 73.9 0.5171 gl97vn5l. dat 
0.864 14.4541 73.8 0.6158 gl97vn52. dat 
0.834 14.4586 73.6 0.8024 g1 97vn53. dat 
0.8 14.4702 73.7 1.0091 g1 97vn 54. d at 
0.763 14.4966 74.6 1.2691 g1 97vn55. dat 
0.734 14.5011 74.4 1.5105 g1 97vn 56. d at 
0.703 14.4673 74.4 1.7677 gl97vn57. dat 
0.675 14.4527 74.1 2.0143 g1 97vn58. dat 
0.619 14.469 74.2 2.5086 gl 97vn59. dat 
0.573 14.5183 74.1 3.0184 g 7vn6O. dat 
0.527 14.5173 74.1 3.5276 gl 97vn6l. dat 
0.502 14.575 73.9 4.0288 gl 97vn62. dat 
0.881 15.0417 88.9 0.2083 gl 97vn63. dat 
0.853 15.0316 89.1 0.311 g1 97vn64. d at 
0.829 15,052-5 88.1 0.4062 g1 97vn65. dat 
0.792 15.0147 89.2 0.508 g1 97vn66. d at 
0.785 15.0445 88.2 0.6074 g1 97vn67. dat 
0.719 15.0216 89.4 0.809 gl 97vn68. d at 
0.688 15.0195 88.4 1.0087 g1 97vn69. dat 
0.625 15.0539 89.4 1.2672 g1 97vn7O. dat 
0. ý-9 -8 15.0709 88.2 1.5194 g1 97vn7 l. dat 
0.566 15.067 88.4 1.7623 g1 97vn72. dat 
0.526 15.09n 88.8 
__2.0133 
g1 97vn73. dat 
0.477 15.0747 88.3 2.5268 g1 97vn 74. d at 
0.427 15.0765 88.9 3.0237 7vn75. dat 
0.395 15.1155 88.1 3.531 g1 97vn 76. d at 
E-12 
0.361 15.0965 88.5 4.0209 g1 97vn77. dat 
0.832 14.863 94.4 0.2128 gl 97vn78. dat 
0.805 14.8724 93.4 0.3112 g1 97vn79. d at 
0.777 14.8812 92.8 0.4121 g1 97vn8O. dat 
0.727 14.8042 93.9 0.506 gl97vn8l. dat 
0.702 14.882 93.7 0.6141 g1 97vn 82. d at 
0.591 14.8056 95.4 0.8194 gl 97vn83. dat 
0.584 14.8604 94 1.0122 g1 97vn84. dat 
0.509 14.8509 94.6 1.2617 gl97vn85-dat 
0.474 14.852 94.5 1.5118 g1 97vn 86. d at 
0.441 14.8611 94.5 1.7609 gl97vn87-dat 
0.382 14.8123 94.8 2.0127 g1 97vn88. dat 
0.368 14.9173 93.8 2.5215 g1 97vn89. dat 
0.355 14.9947 92.7 3.0157 gl97vn9O. dat 
0.319 14.968 92.7 3.528 g1 97vn9 l. dat 
0.314 15.0041 91.4 4.0275 g1 97vn 92. d at 
0.984 22.1927 20.8 0.2089 g267vn0l. dat 
0.979 22.1855 20.7 0.3125 g267vnO2. dat 
0.973 22.2654 20.6 0.4115 g267vnO3. dat 
0.967 22.464 20.6 0.5124 g267vnO4. dat 
0.961 22.1752 20.5 0.6197 g267vnO5. dat 
0.95 22.5415 20.5 0.8105 g267vnO6. dat 
0.935 22.2089 20.5 1.0168 g267vnO7. dat 
0.92 22.1873 20.5 1.272 g267vnO8. dat 
0.909 22.9051 20.4 1.5207 g267vnO9. dat 
0.849 23.0131 20.4 2.5259 g267vnl l. dat 
0.814 22.5746 20.4 3.0212 g267vnl2. dat 
0.776 21.8722 20.4 3.5299 g267vn 1 3. dat 
0.746 21.8756 20.4 4.0223 g267vnl4. dat 
0.973 21.8279 44.7 0.2129 g267vn 15. dat 
0.965 21.8484 44.7 0.3144 g267vnl6. dat 
0.959 21.8591 44.7 0.412 g267vn 17. d at 
0.95 21.8864 44.7 0.5128 g267vn 18. d at 
0.943 21.8615 44.7 0.6137 g267vn 1 9. dat 
0.927 21.8571 44.7 0.8219 g267vn2O. dat 
0.912 21.898 44.6 1.014 g267vn2l. dat 
0.894 21.93%39 44.6 1.2589 
- 
g267vn22. dat 
0.872 21.9517 44.6 1.5198 g267vn23. dat 
0.834 21.9562 44.6 2.0117 g267vn24. dat 
0.797 21.9437 44.6 2.5159 g267vn25. dat 
0.761 21.9982 44.6 3.0208 g267vn26. dat 
0.727 21.9882 44.5 3.52 g267vn27. dat 
0.694 22.0241 44.6 4.028 g267vn28. dat 
0.957 21.9199 59.3 0.2062 g267vn29. dat 
0.948 21.8908 59.3 0.3157 g267vn3O. dat 
0.939 21.8903 59.3 0.4147 g267vn3l. dat 
0.931 21.875 59.4 
-- 
0.5191 
- 
g267vn32. dat 
0.921 21.8986 7 59.3 0.6125 g267vn33. dat 
E-133 
0.903 21.8586 59.2 0.8103 g267vn34. dat 
0.885 21.8461 59.3 1.0081 g267vn35. dat 
0.862 21.8643 59.5 1.2644 g267vn36. dat 
0.837 21.853 59.4 1.5186 g267vn37. dat 
0.793 21.9686 59.2 2.0182 g267vn38. dat 
0.752 21.967 59.4 2.5207 g267vn39. dat 
0.715 22.0047 59.2 3.0179 g267vn4O. dat 
0.682 22.0317 59.3 3.5203 g267vn4l -dat 0.653 22-0619 59.3 4.0269 g267vn42. dat 
0.933 21.8315 74.4 0.208 g267vn43. dat 
0.924 21.842 74.2 0.3113 g267vn44. dat 
0.911 21.8082 74.2 0.4102 g267vn45. dat 
0.898 21.7954 74.4 0.5141 g267vn46. dat 
0.886 21.8083 74.4 0.6173 g267vn47-dat 
0.863 21.8204 74.3 0.8135 g267vn48. dat 
0.838 21.884 74.1 1.0075 g267vn49. dat 
0.808 21.8891 74.4 1.266 g267vn5O. dat 
0.78 21.9024 74.3 1.5124 g267vn5l. dat 
0.732 21.9013 74.3 2.0142 g267vn52-dat 
0.686 21.9691 74.2 2.5244 g267vn53-dat 
0.646 21.9618 74 3.0218 g267vn54. dat 
0.602 21.9374 74.2 3.5351 g267vn55. dat 
0.565 21.9297 74.4 4.0246 g267vn56. dat 
0.893 22.2346 88.9 0.2162 g267vn57-dat 
0.873 22.2357 88.5 0.3082 g267vn58-dat 
0.853 22.2432 88.6 0.4092 g267vn59. dat 
0.829 22.2781 89 0.5128 G267VN60. DAT 
0.814 22.1772 88.6 0.61 g267vn6l. dat 
0.777 22.2549 88.8 0.8158 g267vn62. dat 
0.733 22.2637 89.1 1.0081 g267vn63. dat 
0.697 22.2889 88.7 1.2759 g267vn64. dat 
0.66 22.2963 88.7 1.5145 g267vn65. dat 
0.589 22.2774 89.2 2.0152 g267vn66. dat 
0.526 22.2295 89 2.5134 g267vn67. dat 
0.475 22.3464 88.9 3.024 g267vn68. dat 
0.446 22.4121 88.6 3.5185 g267vn69. dat 
0.402 22.4583 88.4 4.0254 g267vn7O. dat 
0.843 21.8463 95.2 0.2102 g267vn7l. dat 
0.79 21.7942 96 0.3161 g267vn72. dat 
0.76 21.766 95.7 0.4131 g267vn73. dat 
0.713 21.7969 96.2 0.5103 g267vn74. dat 
0.699 21.9031 95.5 0.6121 g267vn75. dat 
0.647 21.8488 95.5 0.8177 g267vn76. dat 
0.602 21.8111 95.4 1.0054 g267vn77. dat 
0.538 21.719 95.4 1.2692 g267vn78. dat 
0.492 21.8019 95.5 1.508 g267vn79. dat 
0.42 21.8576 95.2 2.02 g267vn8O. dat 
0.347 21.8072 95.6 2.5161 g267vn8l. dat 
E- 14 
0.278 21.7403 96.2 3.0252 g267vn82. dat 
0.277 21.8429 95.6 3.5249 g267vn83. dat 
0.279 21.9389 94.1 4.0302 g267vn84. dat 
0.987 26.3835 22.1 0.2124 g277vn0l. dat 
0.982 27.2537 22 0.3115 g277vnO2. dat 
0.975 27.2794 22 0.4228 g277vnO3. dat 
0.97 27.253 22.1 0.5165 g277vnO4. dat 
0.966 27.2403 22 0.6058 g277vnO5. dat 
0.952 26.8773 22.1 0.8191 g277vnO6. dat 
0.942 26.2944 22.1 1.0105 g277vnO7. dat 
0.929 26.2502 22 1.2667 g277vnO8. dat 
0.915 26.1564 22 1.5184 g277vnO9. dat 
0.888 26.2229 22 2.0209 g277vnl O. dat 
0.862 26.2185 22 2.5107 g277vnl 1 dat 
0.833 26.2439 21.9 3.0279 g277vnl2. dat 
0.806 26.274 22 3.5258 g277vnl 3. dat 
0.786 27.0837 22 4.0345 g277vnl4. dat 
0.971 26.2211 44.6 0.2097 g277vnl 5. dat 
0.963 26.2233 44.5 0.3087 g277vnl6. dat 
0.957 26.2163 44.6 0.4176 g277vnl7. dat 
0.949 26.2285 44.6 0.5119 g277vn 1 8. dat 
0.945 26.1907 44.5 0.6227 g277vnl9. dat 
0.932 26.2281 44.6 0.8116 g277vn2O. dat 
0.919 26.243 44.6 1.0199 g277vn2l. dat 
0.903 26.28 44.5 1.2603 g277vn22. dat 
0.885 26.3052 44.6 1.5123 g277vn23. dat 
0.852 26.3106 44.6 2.02 g277vn24. dat 
0.852 26.2594 44.6 2.0152 g277vn25-dat 
0.82 26.3426 44.6 2.5235 g277vn26. dat 
0.788 26.331 44.6 3.018 g277vn27. dat 
0.762 26.8985 44.5 3.5186 g277vn28. dat 
0.728 26.4351 44.6 4.0235 g277vn29. dat 
0.954 27.0121 59.4 0.2167 g277vn3O. dat 
0.947 26.9624 59.2 0.3125 g277vn3l. dat 
0.94 26.9457 59.4 0.4101 g277vn32. dat 
0.932 26.9922 59.3 0.5113 g277vn33. dat 
0.927 26.954 59.2 0.6065 g277vn34. dat 
0.911 26.9798 59.3 0.8028 g277vn35. dat 
0.894 26.8087 59.2 1.0151 g277vn36. dat 
0.875 26.5721 59.3 1.2667 g277vn37. dat 
0.855 26.6274 59.3 1.5168 g277vn38. dat 
0.817 26.6501 59.2 2.0144 g277vn39. dat 
0.78 26.652 59.3 2.5151 g277vn4O. dat 
0.745 26.6636 59.3 3.0199 g277vn4l. dat 
0.712 26.6929 59.3 3.5123 g277vn42. dat 
0.684 26.7211 59.3 4.0269 g277vn43. dat 
0.935 26.5805 74 0.2072 g277vn44. dat 
0.923 26.57 74.3 0.3123 g277vn45. dat 
E- 15 
0.914 26.519 74.1 0.4123 g277vn46. dat 
0.903 26.5684 74.3 0.5023 g277vn47. dat 
0.893 26.5346 74.1 0.6086 g277vn48. dat 
0.871 26.5421 74.2 0.8072 g277vn49-dat 
0.848 26.5816 74.5 1.0181 g277vn5O. dat 
0.825 26.5687 74 1.2645 g277vn5l. dat 
0.801 26.6102 74.3 1.5182 g277vn52. dat 
0.755 26.5924 74.4 2.0168 g277vn53. dat 
0.718 26.6613 73.9 2.5137 g277vn54. dat 
0.673 26.6746 74.4 3.0317 g277vn55. dat 
0.638 26.6904 74.1 3.5223 g277vn56. dat 
0.606 26.6136 74 4.0276 g277vn57. dat 
0.894 26.1777 88.5 0.2089 g277vn58. dat 
0.874 26.1962 88.5 0.3137 g277vn59. dat 
0.856 26.246 88.6 0.4067 g277vn6O. dat 
0.837 26.2896 88.7 0.5138 g277vn6l. dat 
0.821 26.2837 88.7 0.6077 g277vn62. dat 
0.785 26.2881 89 0.8128 g277vn63. dat 
0.756 26.32nr, , .5 88.4 1.0029 g277vn64. dat 0.719 26.3504 88.8 1.2692 g277vn65. dat 
0.684 26.3306 88.6 1.518 g277vn66. dat 
0.619 26.2839 88.6 2.0191 g277vn67. dat 
0.551 26.3029 89 2.521 g277vn68. dat 
0.513 26.2931 88.5 3.0225 g277vn69. dat 
0.471 26.3858 88.4 3.5273 g277vn7O. dat 
0.434 26.3619 88.4 4.0236 g277vn7l. dat 
0.84 25.5984 95.8 0.2093 g277vn72. dat 
0.802 25.5552 95.9 0.3129 g277vn73-dat 
0.77 25.5294 96 0.4033 g277vn74. dat 
0.739 25.5629 95.9 0.5113 g277vn75. dat 
0.718 25.6278 95.4 0.613 g277vn76. dat 
0.654 25.4562 95.7 0.8172 g277vn77. dat 
0.607 25.5244 95.8 1.0155 g277vn78. dat 
0.555 26.2734 95.8 1.2545 g277vn79. dat 
0.506 26.458 95.8 1.514 g277vn8O. dat 
0.451 26.4999 95.3 2.018 g277vn8l. dat 
0.378 26.5178 95.8 2.5161 g277vn82. dat 
0.338 26.5204 95.3 3.0117 g277vn83. dat 
0.284 26.4582 95.6 3.5194 g277vn84. dat 
0.283 26.5859 94.9 4.0307 g277vn85. dat 
pMix Q, (lit/min) TemPerature (OC) Qg (lit/min) ID Position through 
venturi 
0.903 6.4763 21.9 0.4043 
_ 
j218vf01. dat (-210 mm) 
0.913 6.473 22.1 0.4042 j2l8vfO2. dat inlet (+2 mm) 
0.93 6.4787 22.2 
- 
0.4077 j2l8vfO3. dat I 
- 
(+15 mm) 
0.9191 6.4452 22.3 0.405 j2l8vfO4. dat at (throat +30 (t 
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0.897 6.45 22.4 0.4057 j218vfO5. dat (+55mm) 
0.919 6.4925 22.4 0.4048 j218vfO6. dat (+90mm) 
0.927 6.4781 22.7 0.4036 j218vfO7. dat (+l 18 mm) 
0.8731 6.4783 23.3 0.6166 j218vfO8. dat (-210 mm) 
0.887 6.4719 23.3 0.6141 j218vfO9. dat inlet (+2 mm) 
0.916 6.4744 
- 
23.2 0.6137 j218vfl0. dat (+15mm) 
0.908 6.4949 23 - 0.6134 j218vfl 1. dat Lthroat +30 
0.875 6.45 22.9 - 0.6153 j21 8vf 12. dat _ (+55 mm) 
0.897 1 6.4687 22.8 0.6137 j21 8vf 13. dat (+90mm) 
0.906 Co 6.4768 22.8 0.6156 j218vfl4. dat (+l 18 mm) 
0.81 6.4847 23.4 1.0163 j218vfl5. dat (-210 mm) 
0.832 6.4613 23.5 1.0121 j218vfl6. dat inlet (+2 mm) 
0.889 6.4917 23.6 - 1.0184 j218vfl7. dat (+l5 mm) 
0.884 6.486 23.7 1.0165 j218vfl8. dat throat +30 
0.834 6.4765 23.6 - 1.0152 j218vfl9. dat (+55mm) 
0.8441 6.4815 23.8 1.0145 j218vf20. dat (+90mm) 
0.868 6.4787 23.9 1.0178 j218vf21. dat (+l 18 mm) 
0.669 6.545 23.8 2.0117 j218vf29. dat (-210 mm) 
0.719 6.5405 23.2 2.0127 j218vf30. dat inlet (+2 mm) 
0.819 6.5267 
- 
22.9 2.0126 j218vf31. dat (+l5 mm) 
0.824 6.5238 22.2 2.0121 j218vf32. dat (throat +30 
0.753 6.5207 21.9 2.0132 j218vf33. dat (+55 mm) 
0.738 6.5394 21.6 2.0124 j218vf34. dat (+90mm) 
0.777 6.5265 21.2 - 2.0103 j218vf35. dat ý+l 18 m 
0.571 6.5595 18.1 3.0222 j218vf36. dat (-210 mm) 
0.63 6.5333 18.3 3.0211 j218vf37. dat inlet (+2 mm) 
0.763 6.5409 18.8 3.0218 j218vf38. dat (+l5 mm) 
0.789 6.5644 19.2 3.0227 
- 
j218vf39. dat Lthroat +30 
0.69 6.5512 19.7 3.0228 j218vf40. dat _ (+55 mm) 
0.669 6.5768 20.1 3.0211 j218vf41. dat (+90mm) 
0.698 6.5427 20.6 3.0187 j218vf42. dat 
_(+l 
18 mm) 
0.493 6.9928 17.5 4.0287 j218vf43. dat (-210 mm) 
0.575 7.0195 17.1 4.028 j218vf44. dat inlet (+2 mm) 
0.723 7.0049 16.8 4.0256 
- 
j218vf45. dat (+15mm) 
0.764 7.0047 16.5 
- 
4.0262 
- 
j218vf46. dat ithroat +30 
0.657 6.9963 16.3 4.0289 j218vf47. dat (+55 mm) 
0.623 6.9982 16.5 4.0294 j218vf48. dat (+90mm) 
0.642 6.784 16.7 4.0264 j218vf49. dat 
_(+l 
18 mm) 
0.383 6.5826 18.5 6.0349 j218vf50. dat (-210 mm) 
0.443 1 6.6018 18.3 6.035 j218vf51. dat inlet (+2 mm) 
0.632 __ 6.6159 18.1 6.0354 j218vf52. dat (+l5 mm) 
0.662 6.602 17.9 6.0329 j218vf53. dat ithroat +3 
0.581 6.6014 17.6 6.0351 j218vf54. dat (+55 mm) 
0.531 6.605 17.2 6.0356 
- 
j218vf55. dat (+MM 
0.549 6.6075 17 6.0327 
- 
A-L j218vf56. aai 
_(+l 
18 mm) 
0.938 14.411 20.4 0.4086 
- 
j218vf57. dat 
_(-210 
mm) 
0.946 14.5288 20.5 0.4105 
. 
j218vf58. dat iniet (+2 mm) 
0.968 14.3121 - 20.6 1 0.4128 1 j218vf59. dat 1 (+15mm) 
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0.95 14.2621 20.9 0.4072 j218vf60. dat (throat +30 
0.944 14.5291 21 0.4107 j218vf61. dat (+55 mm) 
0.95 14.5627 21 0.41 j218vf62. dat (+90mm) 
0.9551 14.4632 21.1 0.4109 j218vf63. dat (+l 18 mm) 
0.834 14.3766 16.7 1.5216 j218vf78. dat (-210 mm) 
0.868 14.4591 16.9 1.5237 j218vf79. dat inlet (+2 
0.93 14.3745 17 - 1.5173 j218vf80. dat (+l5 mm) 
0.925 14.363 17.2 
- 
1.521 1. dat (throat +3 
0.876 14.405 17.4 1.5191 j218vf82. dat (+55 mm) 
0.887 14.7667 17.5 1.5215 j218vf83. dat (+90mm) 
0.892 15.0132 17.7 1.5218 j218vf84. dat (+l 18 mm) 
0.706 14.3125 16.6 3.023 j218vf92. dat (-210 mm) 
0.778 14.386 16.6 3.0224 j218vf93. dat inlet (+2 mm) 
0.874 14.3275 16.6 3.0253 j218vf94. dat (+l5 m 
0.876 14.2952 16.6 3.0243 j218vf95. dat (throat +30 mm) 
0.796 14.2622 16.6 3.0236 j218vf96. dat (+55mm) 
0.79 14.275 16.7 3.0218 j218vf97. dat (+90mm) 
0.802 14.3212 
- 
16.6 3.0216 j218vf98. dat ý+l 18 m 
0.519 14.5667 17.1 - 6.0295 j218vl 06. dat (-210 mm) 
0.647 14.5117 17.1 6.029 j218v107. dat iniet (+2 mm) 
0.804 14.4571 17.2 6.0282 j218vl 08. dat (+l5 mm) 
0.826 14.5567 
- 
17.2 6.0297 j218v109. dat Lhroat +30 
0.699 14.3326 17.2 6.0292 j218v110. dat (+55mm) 
0.654 14.6341 17.2 _ 6.0298 j218vl 1 1. dat (+90mm) 
0.645 14.655 17.1 6.0267 j218vl 12. dat 118 mm) 
0.959 27.268 17.5 0.4142 j218vl 13. dat (-210 mm) 
0.965 27.7507 17.5 0.4186 j218vl 14. dat inlet (+2 mm) 
0.975 27.6912 17.5 0.4163 
_ 
j218vl 15. dat (+l5 mm) 
0.964 27.7351 17.5 0.4142 j218vl 16. dat (throat +30 
0.957 27.7367 17.5 0.4129 j218vl 17. dat (+55 mm) 
0.965 1 27.742 17.5 0.411 j218vl 18. dat (+90mm) 
0.968 27.7339 17.5 0.413 j218vl 19. dat (+118mm) 
0.894 27.6904 17.6 1.5132 j218vl 34. dat 
__ý-21 
0m 
0.921 27.681 17.6 1.5145 j218vl 35. dat inlet (+2 mm) 
0.952 27.6988 17.6 1.5149 
_ 
j218v136. dat (+l5 mm) 
0.94 27.703 17.6 1.5148 j218vl 37. dat throat +30 mm) 
0.908 1 27.7372 17.5 1.5131 j218vl 38. dat (+55 mm) 
0.921 27.71 17.6 1.5145 j218v139. dat (+90mm) 
0.92 27.6755 17.5 1.512 j218v140. dat (+l 18 mm) 
0.763 27.6359 17.6 4.0237 j218vl 55. dat (-210 mm) 
0.851 27.6161 17.6 4.0211 
_ 
j218v156. dat inlet (+2 mm) 
0.902 27.5893 17.6 4.0208 i218vl 57. dat (+15mm) 
0.9 1 27.6006 17.6 4.0229 j218v158. dat (throat +30 
0.829 27.6185 17.6 4.0254 j218vl 59. dat (+55mm) 
0.83 27.5931 17.6 4.0208 j218v160. dat (+90mm) 
0.828 27.6147 17.6 4.0236 j218v161. dat (+l 18 mm) 
0.9771 35.04,2.55, 21.1 0.406 j228vfOl. dat (-210 mm) 
0.985 1 34.8237 21 0.4118 1 j228vfO2. dat 1 iniet (+2 mm) 
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0.995 34.9918 21 0.4033 j228vfO3. dat (+15mm) 
0.998 34.6833 20.9 0.4057 j228vfO4. dat roat +30 
0.993 34.6978 20.7 0.406 j228vfO5. dat (+55mm) 
0.9871 34.7899 19.3 0.4068 j228vfO6. dat (+90mm) 
0.9921 35.0023_ 18.8 0.4068 j228vfO7. dat (+l 18 mm) 
0.929 34.8463 18.3 1.5173 j228vf22. dat (-210 mm) 
0.952 34.8378 18 1.5163 j228vf23. dat inlet (+2 mm) 
0.976 34.9421 17.5 1.5123 j228vf24. dat (+l5 mm) 
0.983 34.926 17.3 1.5153 j228vf25. dat throat +30 
0.952 34.9317 16.9 1.5143 j228vf26. dat (+55 mm) 
0.952 34.8758 16.5 1.5211 j228vf27. dat (+90mm) 
0.95 34.865 16.7 1.5196 j228vf28. dat (+l 18 mm) 
0.824 1 35.252 20.6 4.0236 j228vf43. dat (-210 mm) 
0.873 35.252 20.1 4.0222 j228vf44. dat inlet (+2 mm) 
0.938 35.252 19.8 4.0212 j228vf45. dat (+l5 mm) 
0.942 35.252 19.7 4.0214 j228vf46. dat 
_Lthroat 
+30 mm) 
0.876 35.2516 19.5 4.0205 j228vf47. dat (+55 mm) 
0.872 1 35.2524 19.4 4.0215 
_j228vf48. 
dat (+90mm) 
0.862 1 34.8965 19.2 4.0223 1 j228vf49. dat 1 (+l 18 m 
E-19 
pMix Q, (lit/min) TemPerature (OC) Qg (lit/min) ID Position through 
venturi 
0.817 6.5607 18.2 1.0043 j268vsl 5. dat (-210 mm) 
0.845 6.555 17.8 1.0082 j268vsl 6. dat (+2 mm, inlet) 
0.897 6.8142 17.4 1.0107 j268vsl 7. dat (+15 mm) 
0.896 6.5706 17.1 1.0056 j268vsl 8. dat (+30 mm, throat) 
0.843 6.5818 16.9 1.0056 j268vsl 9. dat (+55 mm) 
0.856 6.5849 16.5 1.0121 j268vs2O. dat (+90 MM) 
0.875 6.5785 16.4 1.0077 j268vs2l. dat (+118, outlet) 
0.735 6.4946 60.7 1.0154 j268vs99. dat (+2 mm, inlet) 
0.766 1 6.5293 59.8 1.02 j268v 100. dat (+15 mm) 
0.843 6.5304 59.5 1.0165 j268v101. dat (+30 mm, throat) 
0.836 6.5586 60.8 1.0127 j268v 102. clat (+55 mm) 
0.776 6.543 61 1.0145 j268v 103. clat (+90 MM) 
0.775 6.5228 60.4 1.0153 j268v1 04. dat (+118, outlet) 
0.67 6.6945 75.3 1.0182 j268vl4l. dat (-210 m m) 
0.712 6.6847 74.8 1.0134 J268v142. dat (+2 mm, inlet) 
0.814 6.7 74.1 1.0194 j268v143. dat (+15 mm) 
0.802 6.6895 74.3 1.0177 j268v144. dat (+30 mm, throat) 
0.736 6.6951 75.4 1.0215 j268v145. dat (+55 mm) 
0.72 6.6773 74.9 1.0201 j268vl46. dat (+90 MM) 
0.777 6.697 74 1.0141 j268vl47. dat (+ 118, outlet) 
0.552 1 6.6588 88.9 1.0142 j268v1 83. dat (-210 mm) 
0.587 6.684 88.5 1.0147 j268v 184. dat (+2 mm, inlet) 
0.708 6,6348 89.5 1.0126 j268v 185. clat (+15 mm) 
0.706 6.6662 89.4 1.0141 j268v186. dat (+30 mm, throat) 
0.652 6.6638 88.3 1.0139 j268v 187. dat (+55 mm) 
0.599 1 6.6454 89.2 1.0156 j268v 188. dat (+90 MM) 
0.643 6.669 89.7 1.0139 j268v1 89. dat (+118, outlet) 
0.416 6.6174 95.1 1.0077 j268v225. dat (-210 mm) 
0.438 6.6113 95.2 1.0139 j268v226. dat (+2 mm, inlet) 
0.59 6.6305 95.4 1.0058 j268v227. dat (+15 mm) 
0.611 6.6398 95.5 1.0039 j268v228. dat (+30 mm, throat) 
0.521 6.6435 95.6 1.0088 j268v229. dat (+55 mm) 
0.467 6.6209 95.7 1.0083 j268v230. dat (+90 MM) 
0.504 6.6178 95.7 1.0088 j268v231. dat (+118, outlet) 
0.567 6.6682 18.6 3.0271 j268vs36. dat (-210 m m) 
0.629 6.6246 18.5 3.0232 j268vs37. dat (+2 mm, inlet) 
0.759 6.6013 18.5 3.0238 j268vs38. dat (+15 mm) 
0.789 1 6.6336 18.3 3.0257 j268vs39. dat (+30 mm, throat) 
0.7 6.652 18.2 3.0236 j268vs4O. dat (+55 mm) 
0.671 6.7124 18.1 3.0244 j268vs4l. dat (+90 MM) 
0.703 6.6477 18 3.0255 j268vs42. dat (+ 118, outlet) 
0.548 6.551 45.7 3.0251 j268vs78. dat (-210 mm) 
0.584 6.5004 45.9 3.0207 j268vs79. dat (+2 mm, inlet) 
0.726 6.4336 46.2 3.0236 j268vs8O. dat (+15 mm) 
0.754 6.6978 45.1 3.0233 j268vs8l. dat (+30 mm, throat) 
0.667 6.708 45.2 3.0229 j268vs82. dat (+55 mm) 
0.618 6.6892 45.4 3.024 j268vs83. dat (+90 MM) 
0.662 1 45.7 1 3.0226 1 j268vs84. dat (+118, outlet) 
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0.512 6.7602 60.3 3.025 j268v 120. dat (-210 mm) 
0.558 6.7641 59.5 3.0231 j268vl2l. dat (+2 mm, inlet) 
0.709 6.7545 59.8 3.0202 j268vl22. dat (+15 mm) 
0.727 1 6.7462 60.3 3.0222 j268vl23. dat (+30 mm, throat) 
0.635 6.7495 60.9 3.0229 J268024. dat (+55 mm) 
0.581 6.7915 60.3 3.0214 j268vl 25. dat (+90 mm) 
0.624 6.8889 59.4 3.0212 J268026. dat (+ 118, outlet) 
0.45 6.7561 74.1 3.0207 j268vl62. dat (-210 m m) 
0.498 6.7598 74.3 3.0239 j268vl63. dat (+2 mm, inlet) 
0.64 6.7376 75.1 3.0226 J268064. dat (+15 mm) 
0.665 6.7536 74.8 3.0214 j268vl65. dat (+30 mm, throat) 
0.593 6.7615 73.9 3.024 j268vl66. dat (+55 mm) 
0.532 6.7778 74.8 3.0226 J268067. dat (+90 mm) 
0.55 6.7489 75.2 3.023 j268vl68. dat (+l 18, outlet) 
0.283 6.7347 89.3 3.0186 j268v2O4. dat (-210 mm) 
0.358 6.7668 88.7 3.0164 j268v2O5. dat (+2 mm, inlet) 
0.538 1 6.7549 88.3 3.0121 j268v2O6. dat (+15 mm) 
0.548 6.7486 88.5 3.016 j268v2O7. dat (+30 mm, throat) 
0.475 6.7442 89.4 3.0169 j268v2O8. dat (+55 mm) 
0.421 6.7287 88.9 3.0144 j268v2O9. dat (+90 mm) 
0.473 6.7401 88.6 3.014 j268v2l 0. dat (+l 18, outlet)_ 
0,193 6.7161 94.3 3.0297 j268v246. dat (-210 mm) 
0.253 6.7036 94.4 3.029 j268v247. dat (+2 mm, inlet)_ 
0,449 1 6.725 94.2 3.0328 j268v248. dat (+15 mm) 
0.451 6.7188 94.4 3.0324 j268v249. dat (+30 mm, throat) 
0.365 6.6944 94.4 3.0355 j268v250. dat (+55 mm) 
0.331 6.6822 94.5 3.033 j268v251. dat (+90 mm) 
0.366 1 6.6955 1 94.6 3.0315 j268v252. dat I (+l 18, outlet)__, 
Pmix Q, (lit/min) TemPerature (oC) Q, (lit/min) ID Position 
0.987 35.207 19.9 0.2692 n238vy01. dat 
_L/D= 
13 
0.987 35.1298 20.1 0.266 n238vy02. dat L/D=45 
0.959 35.2184 59.4 0.2731 n238vy03. dat UD= 13 
0.956 35.0641 59.4 0.2728 n238vy04. dat L/D=45 
0.918 35.0964 83.5 0.2707 n238vy05. dat UD= 13 
0.919 35.1162 83.7 0.2715 n238vy06. dat L/D=45 
0.898 35.24-9-1 89.6 0.2649 n238vy07. dat L/D=l 3 
0.901 34.7091 89.7 0.2613 n238vy08. dat L/D=45 
0.886 35.252 91.6 0.2582 n238vy09. dat UD= 13 
0.89 35.247 92 0.2613 n238vyl 0. dat L/D=45 
0.861 34.7467 94.5 0.2614 n238vyl 1. dat L/D=l3 
0.864- 34.7155 94.8 0.2612 n238vy12. dat L/D=45 
0.81 34.031 97.5 0.2639 n238vyl 3. dat L/D=l3 
0.827 33.9405 97.6 0.2582 n238vy14. dat L/D=45 
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Pmix Q, (lit/min) TemPerature (IC) Qq (lit/min) ID Position" 
0.924 5.6677 21.1 0.2153 o247ha0l. dat L/D=10 
0.926 5.6377 20.9 0.2124 o247haO2. dat L/D=17 
0.928 5.6303 20.6 0.2175 o247haO3. dat L/D=34 
0.926 6.0874 20.3 0.4184 o247haO4. dat L/D=10 
0.918 6.0671 20.2 0.4139 o247haO5. dat L/D=17 
0.906 6.0672 20.2 0.415 o247haO6. dat L/D=34 
0.899 6.0536 20.3 0.8166 o247haO7. dat L/D=10 
0.889 6.0527 20.4 0.8145 o247haO8. dat L/D= 17 
0.894 6.0519 20.4 0.815 o247haO9. dat L/D=34 
0.77 6.0488 16.9 1.5146 o247hal O. dat L/D=10 
0.767 6.0247 16.8 1.5126 o247hal l. dat L/D= 17 
0.769 6.0367 16.7 1.5177 o247hal2. dat L/D=34 
0.482 5.9988 16.2 3.02 o247ha 16. dat L/D=10 
0.554 6.0194 16.1 3.0177 o247hal Tdat L/D= 17 
0.614 5.9995 16 3.0189 o247hal 8. dat L/D=34 
0.394 6.0043 15.9 4.0205 o247hal 9. dat L/D= 10 
0.45 6.0103 15.9 4.0228 o247ha2O. dat L/D= 17 
0.513 6.0554 15.8 4.0233 o247ha2l. dat L/D=34 
0.358 6.0516 15.8 5.0277 o247ha22. dat L/D= 10 
0.336 6.028 15.8 5.0272 o247ha23. dat L/D=17 
0.417 6.0307 15.7 5.0244 o247ha24. dat L/D=34 
0.991 14.315 15.7 0.2119 o247ha28. dat L/D= 10 
0.979 14.3461 15.8 0.2141 o247ha29. dat L/D= 17 
0.969 14.3171 15.7 0.2156 o247ha3O. dat L/D=34 
0.977 14.2901 15.8 0.4065 o247ha3l. dat L/D= 10 
0.966 14.355 15.9 0.4068 o247ha32. dat L/D=17 
0.954 14.3646 15.9 0.4105 o247ha33. dat L/D=34 
0.935 14.3081 15.9 0.8121 o247ha34. dat L/D= 10 
0.928 14.3007 15.8 0.8161 o247ha35. dat L/D= 17 
0.92 14.3067 15.9 0.8103 o247ha36. dat L/D=34 
0.838 14.3365 15.9 1.5099 o247ha37. dat L/D=10 
0.841 14.317 15.8 1.5113 o247ha38. dat L/D=17 
0.838 14.3119 15.8 1.5097 o247ha39. dat L/D=34 
0.765 14.2786 15.8 2.0165 o247ha4O. dat L/D=10 
0.77 14.2704 15.8 2.0207 o247ha4l. dat L/D= 17 
0.773 14.2973 15.8 2.0197 o247ha42. dat L/D=34 
0.635 14.2717 15.8 3.0213 o247ha43. dat L/D=10 
0.646 14.2486 15.8 3.0242 o247ha44. dat L/D=17 
0.648 14.2314 15.8 3.0212 o247ha45. dat L/D=34 
0.533 14.2833 15.8 4.0233 o247ha46. dat L/D= 10 
0.54 14.2675 15.8 4.0184 o247ha47. dat L/D=17 
0.545 14.2798 15.8 4.0253 o247ha48. dat L/D=34 
0.386 14.301 15.8 8.0376 o247ha49. dat L/D=10 
0.377 14.2721 15.8 8.0376 o247ha5O. dat L/D=17 
0.371 14.2786 15.7 8.0407 o247ha5l. dat L/D=34 
0.333 14.2723 15.8 10.0595 o247ha52. dat L/D=10 
0.324 14.2964 15.7 10.058 o247ha53. dat UD=17 
0.32 14.2521 15.8 10.0579 o247ha54. dat IL/D=34 
E -22 
L/D=34 
PMix Q, (lit/min) Temperature (OC) Q(, (lit/min) ID 
0.983 13.5898 18.7 0.2091 n047hn0l, dat 
0.967 13.5182 18.9 0.4026 n047hnO2. dat 
0.953 13.6535 18.9 0.623 n047hnO3. dat 
0,967 13.7291 19 0.8137 n047hnO4. dat 
0.954 13.4689 19.1 0.8173 n047hnO5. dat 
0.945 13.6199 19.2 0.8155 n047hnO6. dat 
0.932 13.5613 19.1 0.8147 n047hnO7. dat 
0.923 14.332 15.9 1.0135 n047hnO8. dat l 
0.9 14.3 15.8 1.2618 n047hnO9. dat 
0.869 13.7369 15.7 1.5076 n047hnlO. dat 
0.805 13.7247 15.3 2.0097 n047hnl l. dat 
0.733 13.7193 15.2 2.5238 n047hnl2. dat 
0.74 13.729 15.1 2.518 n047hnl 3. dat 
0.742 13.735 15 2.5185 n047hnl4. dat 
0.744 13.7226 14.9 2.5204 n047hnl 5. dat 
0.678 13.7295 14.6 3.0197 n047hnl6. dat 
0.624 13.688 14.6 3.525 n047hnl Tdat 
0.577 13.6981 14.5 4.0294 n047hnl 8. dat 
0.489 13.729 14.5 5.0306 n047hnl 9. dat 
0.426 13.7694 14.5 6.0372 n047hn2O. dat 
0.416 13.7116 14.4 7.0425 n047hn2l. dat 
0.398 13.6669 14.3 8.0406 n047hn22. dat 
0,966 14.037 45 0.2173 n047hn23. dat 
0.95 14.0132 44.9 0.4181 n047hn24. dat 
0.933 14.0111 44.8 0.6224 n047hn25. dat 
0.927 14.0183 44.8 0.8175 n047hn26. dat 
0.925 13.9879 44.9 0.821 n047hn27. dat 
0.919 13.991 44.8 0.8167 n047hn28. dat 
0.913 13.9849 44.9 0.8232 n047hn29. dat 
0.891 13.9643 44.9 1.021 n047hn3O. dat 
0.863 13.9768 44.8 1.2722 n047hn3l. dat 
0.835 13.9633 44.9 1.5034 n047hn32. dat 
0.765 13.9915 44.7 2.018 n047hn33. dat 
0.644 13.9708 44.8 2.5226 n047hn34. dat 
0.671 13.9475 44.7 2.5236 n047hn35. dat 
0.685 13.9678 44.8 2.5235 n047hn36. dat 
0.694 13.9443 44.8 2.5258 n047hn37. dat 
0.559 13.9451 44.8 3.5376 n047hn38. dat 
0.626 13.9755 44.8 3.0219 n047hn39. dat 
0.501 13.9655 44.8 4.035 n047hn4O. dat 
0.412 13.9564 44.7 5.0401 n047hn4l. dat 
0.344 13.9696 45 6.0387 n047hn42. dat 
0.307 13.9213 44.6 8.0609 n047hn43. dat 
0.946 14.1227 59.6 0.2112 n047hn44. dat 
0.925 14.1132 59.3 0.4209 n047hn45. dat 
0.905 14.0669 59.8 0.6153 n047h. n46. dat 
0.907 13.9654 59.7 0.8224 n047hn47. dat 
E-23 
0.899 13.8132 59.4 0.82 n047hn48. dat 
0.888 13.82 59.8 0.8241 n047hn49. dat 
0.88 13.8183 59.4 0.82 n047hn5O. dat 
0.856 13.7741 59.7 1.0213 n047hn5l. dat 
0.827 13.7585 59.4 1.2761 n047hn52. dat 
0.799 13.7813 59.6 1.515 n047hn53. dat 
0.747 13.765 59.7 2.0139 n047hn54. dat 
0.611 13.8235 59.5 2.5311 n047hn55. dat 
0.668 13,8202 59.3 2.5315 n047hn56. dat 
0.708 13.8579 59.4 2.5315 n047hn57. dat 
0.733 13.8563 59.4 2.5372 n047hn58. dat 
0.705 13.8237 59.5 3.0244 n047hn59. dat 
0.699 13.8005 59.4 3.5258 n047hn6O. dat 
0.64 13.8271 59.6 4.0366 n047hn6l. dat 
0.555 13.7989 59.3 5.042 n047hn62. dat 
0.426 13.8336 59.6 6.0532 n047hn63. dat 
0.264 13.8607 59.5 8.0491 n047hn64. dat 
0.921 13.8323 74.6 0.2056 n047hn65. dat 
0.893 13.8034 74.1 0.4135 n047hn66. dat 
0.871 13.8102 74.4 0.6135 n047hn67. dat 
0.873 13.7803 74.7 0.8164 n047hn68. dat 
0.859 13.7973 74 0.8183 n047hn69. dat 
0.848 13.776 74.7 0.8161 n047hn7O. dat 
0.844 13.7488 74.1 0.8182 n047hn7l. dat 
0.821 13.7395 74.7 1.0242 n047hn72. dat 
0.797 13.7889 74.1 1.2701 n047hn73. dat 
0.704 13.8174 74.3 2.0225 n047hn75. dat 
0.655 13.8379 74.3 2.5217 n047hn76. dat 
0.678 13.8076 74.2 2.5219 n047hn77. dat 
0.676 13.8358 74.6 2.5188 n047hn78. dat 
0.66 13.803 74.3 2.5193 n047hn79. dat 
0.654 13.839 74.1 3.0159 n047hn8O. dat 
0.659 13.8078 74.5 3.5254 n047hn8l. dat 
0.556 13.7521 74.5 4.0375 n047hn82. dat 
0.328 13.7775 74.2 5.0309 n047hn83. dat 
0,265 13.7741 74.9 6.0454 n047hn84. dat 
0.22 13.7599 74.2 8.0467 n047hn85. dat 
0.87 13.1706 88.5 0.2211 n047hn86. dat 
0.826 13.1888 89.3 0.4156 n047hn87. dat 
0.784 13.1552 88.6 0.6044 n047hn88. dat 
0.855 13.1854 88.8 0.8136 n047hn89. dat 
0.784 13.1567 89.3 0.8143 n047hn9O. dat 
0.77 13.151 6 88.7 0.8165 n047hn9l. dat 
0.727 13.5353 89.3 0.8135 n047hn92. dat 
0.689 13.5407 89 1.0173 n047hn93. dat 
0.61 13.5224 89.2 1.2665 n047hn94. dat 
0.568 13.4841 88.7 1.5086 n047hn95. dat 
0.403 13.7092 89.2 2.0316 n047hn96. dat 
0.413 13.9307 89.2 2.526 n047hn97. dat 
0.332 14.0349 89 2.5275 n047hn98. dat 
0.33 5829 88.9 2.5306 n047hn99. dat 
0.337 8794 88.8 2.533 n047hl OO. dat 
E-24 
0.287 14.0526 89.2 3.0232 n047hl0l. dat 
0.28 13,8833 88.6 3.5352 n047hl 02. dat 
0.213 14.1705 88.3 5.0527 n047hl 03. dat 
0.234 14.1264 89.4 4.0337 n047h 1 04. dat 
0.158 14.1633 89.1 6.042 n047h 1 05. dat 
0.118 14.1013 89.5 8.0751 n047h 1 06. dat 
0.826 13.7842 94.8 0.2073 n047h 1 07. dat 
0.736 13.7924 94.5 0.4191 n047h 1 08. dat 
0.738 13.9149 94.7 0.4135 n047h 1 09. dat 
0.601 13.8814 94.7 0.8072 n047h 11 O-dat 
0.555 13.7178 94.7 0.808 n047hl 11 dat 
0.508 13.6922 95.4 0.8087 n047hl 12-dat 
0.55 13.6643 94.3 0.8078 n047hl 13-dat 
0.409 13.7312 95 1.0093 n047hl 14. dat 
0.376 13.6571 94.5 1.27 n047hl 15. dat 
0.291 13.6306 94.9 1.5225 n047hl 16. dat 
0.244 13.8836 95.1 2.0162 n047hl 17. dat 
0.23 13.5257 94 2.5274 n047hl 18. dat 
0.187 13.5513 94.6 3.0166 n047hl 19. dat 
0.153 13.4918 95 3.5235 n047hl2O. dat 
0.141 13.4891 94.7 4.0376 n047hl2l. dat 
0.114 13.4813 94.1 5.028 n047hl22. dat 
0.045 1 13.4291 1 94.3 8.0378 n047hl24. dat 
L/D=17 
Pmix Q, (lit/min) Temperature (OC) Power (kW) ID 
0.675 14.0985 100 1.244 fl68hbOl. dat 
0.684 14.0966 100.2 1.014 fl68hbO2. dat 
0.695 14.0889 100.2 0.939 fl68hbO3. dat 
0.73 14.0772 100.4 0.867 fl68hbO4. dat 
0.723 14.0338 100.5 0.763 fl68hbO5. dat 
0.808 14.0747 100.3 0.699 fl68hbO6. dat 
0.813 14.1227 100.4 0.577 fl 68hbO7. dat 
0.813 14.1042 100.5 0.5212 fl68hbO8. dat 
0.932 14.0917 100.4 0.393 fl68hbO9. dat 
0.91 14.1199 100.6 0.325 fl68hbl O. dat 
0.933 14.1141 100.2 0.225 fl68hbl l. dat 
0.931 14.1585 100.7 0.0361 fl 68hbl 2. dat 
0.934 14.1052 100.3 0.009 fl68hbl 3. dat 
0.932 14.1517 100.7 0.0361 fl68hbl4. dat 
0.933 14.0588 100.4 0.225 fl68hbl 5. dat 
0.931 14.1195 100.6 0.325 fl68hbl6. dat 
0.927 14.1069 100.5 0.393 fl68hbl Tdat 
0.799 14.0887 100.6 0.5212 fl68hbl 8. dat 
0.819 14.0837 100.4 0.577 fl68hbl 9. dat 
0.706 14.0626 100.4 0.699 fl68hb2O. dat 
0.679 13.9995 100.4 0.763 f1 68hb2 l. dat 
0.624 14.0488 100.4 0.867 fl68hb22. dat 
0.515 14.0697 100.4 0.939 fl68hb23. dat 
0.511 14.057 7 100.4 1.014 f1 68hb24. dat 
0.402 14.027 100.5 1.244 fl68hb25. dat 
PMix 
_Ql 
(lit/min) Temperature (OC) Power (M) ID LID 
0.392 13.9915 100.1 1.321 fl98hmOl. dat 34 
0.552 14.1974 99.8 1.321 fl 98hmO2. dat 17 
0.493 14.1871 99.9 1.321 fl 98hm03. dat 10 
0.443 14.1601 99.9 1.256 fl 98hmO4. dat 34 
0.485 14.1366 100.1 1.256 fl 98hmO5. dat 17 
0.508 14.1692 100 1.256 fl 98hmO6. dat 10 
0.543 14.1455 99.8 1.172 f1 98hmO7. dat 34 
0.587 14.1516 100 1.172 fl 98hmO8. dat 17 
0.65 14.1554 99.9 1.172 fl 98hmO9. dat 10 
0.61 14.1347 100 1.092 fl 98hml O. dat 34 
0.714 14.1826 99.9 1.092 fl98hml l. dat 17 
0.706 14.1627 100 1.092 fl 98hml 2. dat 10 
0.681 14.1456 100 1.014 fl 98hml 3. dat 34 
0.728 14.1514 100 1.014 fl 98hml4. dat 17 
0.812 14.1635 100 1.014 fl 98hml 5. dat 10 
0.768 14.1909 99.9 0.939 fl 98hml 6. dat 34 
0.856 14.1973 99.9 0.939 fl 98hml Tdat 17 
0.882 14.1791 99.9 0.939 fl 98hm 1 8. dat 10 
0.804 14.1809 99.9 0.866 fl 98hml 9. dat 34 
0.888 14.2046 100 0.866 fl 98hm2O. dat 17 
0.927 14.2184 99.9 0.866 fl 98hm2l. dat 10 
0.833 14.1897 100 0.797 fl 98hm22. dat 34 
0.908 14.1923 99.9 0.797 fl 98hm23. dat 17 
0.928 14.2278 99.9 0.797 fl 98hm24. dat 10 
0.857 14.1844 99.9 0.731 fl98hm25. dat 34 
0.925 14.1955 100 0.731 fl98hm26. dat 17 
0.929 14.191 99.8 0.731 fl 98hm27. dat 10 
0.862 14.1453 100.1 0.636 fl 98hm28. dat 34 
0.932 14.2096 99.7 0.636 fl 98hm29. dat 17 
0.928 14,1705 100 0.636 fl 98hm3O. dat 10 
0.883 14.2239 99.8 0.417 fl 98hm3l. dat 34 
0.933 14.2511 99.5 0.417 fl 98hm32. dat 17 
0.93 14.1936 100 0.417 f1 98hm33. dat 10 
0.883 14.2641 99.7 0.325 fl98hm34. dat 34 
0.884 14.2109 99.7 0.325 f1 98hm35. dat 17 
0.885 14.1712 100.2 0.0361 f1 98hm36. dat 34 
0.885 14.2657 99.5 0.009 fl 98hm37. dat 17 
0.615 17.4075 100.1 1.321 fl 98hm38. dat 34 
0.623 17.449 100.2 1.321 fl98hm39. dat 17 
0.616 17.4314 100.2 1.321 f1 98hm4O. dat 10 
0.689 17.4291 100.4 1.256 fl98hm4l. dat 34 
0.612 17.4488 100.3 1.256 fl98hm42. dat 17 
0.61 - 17.4293 100.4 1.256 f1 98hm43. dat 10 
0.708 17.4102 100.4 1.172 fl98hm44. dat 34 
0.665 17.4255 100.3 1.172 fl 98hm45. dat 17 
0.693- . 4437 
100.4 1.172 fl 98hm46. dat 10 
0.759 17.4342 100.6 1.12 fl 98hm47. dat 34 
-- 0.713 17.4363 100.4 1.12 fl 98hm48. dat 17 
E-26 
0.749 17.4471 100.6 1.12 f1 98hm49. dat 10 
0.746 17.4255 100.4 1.014 fl 98hm5O. dat 34 
0.772 17.4369 100.3 1.014 fl 98hm5l. dat 17 
0,814 17.4165 100.3 1.014 fl 98hm52. dat 10 
0.816 17.5199 100.3 0.939 fl 98hm53. dat 34 
0.863 17.4928 100.5 0.939 fl 98hm54. dat 17 
0.882 17.4821 100.4 0.939 f1 98hm55. dat 10 
0.861 17.5013 100.2 0.866 fl 98hm56. dat 34 
0.931 17.5321 100 0.866 fl 98hm57. dat 17 
0.926 17.5052 99.9 0.866 fl 98hm58. dat 10 
0.883 17.525 99.9 0.797 fl 98hm59. dat 34 
0.945 17.5496 99.8 0.797 fl 98hm6O. dat 17 
0.886 17.532 100.2 0.797 fl 98hm6l. dat 10 
0.73 20.9391 100.6 1.321 fl 98hm62. dat 34 
0.714 20.9438 100.6 1.321 fl 98hm63. dat 17 
0.596 20.9495 100.7 1.321 fl98hm64. dat 10 
0.704 20.9804 100.6 1.256 fl 98hm65. dat 34 
0.709 20.956 100.8 1.256 fl 98hm66. dat 17 
0.597 20.9463 100.6 1.256 fl 98hm67. dat 10 
0.702 20.9509 100.6 1.172 fl 98hm68. dat 34 
0.702 21.0102 100.6 1.172 fl 98hm69. dat 17 
0.752 21.0521 100.5 1.172 fl 98hm7O. dat 10 
0.703 20.9918 100.8 1.092 fl 98hm7l. dat 34 
0.783 21.0416 100.7 1.092 fl 98hm72. dat 17 
0.814 21.0401 100.5 1.092 f1 98hm73. dat 10 
0.796 21.0129 100.7 1.014 fl 98hm74. dat 34 
0.841 21.0128 100.6 1.014 fl 98hm75. dat 17 
0.876 21.03 100.7 1.014 fl 98hm76. dat 10 
0.823 21.0066 100.8 0.939 f1 98hm77. dat 34 
0.895 21.0265 100.6 0.939 fl 98hm78. dat 17 
0.909 21.0251 100.6 0.939 fl 98hm79. dat 10 
0.877 21.048 100.5 0.866 fl 98hm8O. dat 34 
0.883 21.1008 100.3 0.866 fl 98hm8l. dat 34 
0.885 21.2128 99.9 0.866 fl98hm82. dat 34 
0.672 28.0476 100.8 1.321 fl 98hm83. dat 34 
0.786 28.0874 101.3 1.321 fl98hm84. dat 17 
0.772 28.0894 100.7 1.321 fl 98hm85. dat 10 
0.67 28.0875 101.1 1.256 fl 98hm86. dat 34 
0.641 28.0392 101.2 1.256 fl 98hm87. dat 17 
0.766 28.092 100.8 1.256 fl 98hm88. dat 10 
0.763 28.1843 101.2 1.172 fl 98hm89. dat 34 
0.837 28.1368 101 1.172 fl98hm9O. dat 17 
0.86 28.1113 101.1 1.172 fl 98hm9l. dat 10 
0.73 28.0716 101.2 1.092 fl98hm92. dat 34 
0.86 28.0985 101.4 1.092 fl 98hm93. dat 17 
0.838 28.0918 100.9 1.092 fl 98hm94. dat 10 
0.824 28.0695 101 1.014 fl 98hm95. dat 34 
0.888 28.0566 101.3 1.014 fl 98hm96. dat 17 
0.885 28.1061 101 1.014 fl 98hm97. dat 10 
0.846 28.0671 101.2 0.939 fl98hm98. dat 34 
0.902 28.063 101 0.939 fl98hm99. dat 17 
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